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ABSTRACT 
A study was carried out on formulations of organic-inorganic hybrids and their 
subsequent use as matrices for unidirectional carbon fibre-reinforced composites. The 
hybrids consist of low molecular weight polyimide precursors and silica which is 
generated in-situ via the sol-gel route. A special feature of these systems is the use of 
organofunctional trialkoxysilanes as coupling agents for the two phases and for controlling 
the resultant morphology. 
Enhancements are obtained in physicochemical, thermal and mechanical properties of 
hybrids through morphological modifications achieved in the parent polyin'lide and silicate 
materials. Small variations to the composition of the precursors display a substantial 
effect both on the kinetics of the associated reactions and the final properties of hybrids, 
often as a result of a change in miscibility of the organic and the inorganic components of 
the system. 
The processability of the matrix was evaluated with respect to the fabrication of 
composites, which in this case is strongly influenced by the gelation behaviour of both the 
organic pre-polymer and also the inorganic sol-gel component. The kinetics of gelation 
reactions were examined by dynamic viscometry and by practical tests based on visual 
observation of the cessation of flow. Differential scanning calorimetry, infrared 
spectroscopy, thermogravimetric analysis and electron microscopy formed part of the 
evaluation of the matrix materials. Composites were produced by application of the matrix 
solution from a variety of formulations on pre-tensioned fibres, followed by vacuum drying 
and curing under pressure at high temperatures. The properties of these composites 
were determined by such methods as dynamic mechanical thermal analysis, flexural 
testing and thermomechanical analysis. 
From the results obtained in this study, it is concluded that the inclusion of silicate 
phase in a polyimide matrix in the form of fine eo-continuous networks improves the 
thermal and mechanical properties of the base material, although these are dependent on 
the overall silicate content and the amount of the coupling agent. High loadings of the 
coupling agent can cause degradation by chain scission and a reduction of the 
crosslinking density of the organic pre-polymer. 
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CHAPTER 1 
INTRODUCTION 
1.1 GENERAL CONSIDERATIONS 
High-end technologies, such as those used in the aerospace and microelectronics 
industries, place escalating demands on the chemical and thermomechanical stability 
of materials, including polymers, that are intended for use at elevated temperatures. 
This has been a major drive for the development of thermostable polymers like 
polybenzimidazoles, polyether sulphones or polyetheretherketones, which are 
capable of withstanding high temperatures for long periods while retaining their 
mechanical properties, owing to the inherent stability of their aromatic and 
heterocyclic bonds and the low concentration of hydrogen in their molecular 
structure. Polyimides, for example, are amongst the most commercially important 
high temperature polymers, having a continuous service temperature in excess of 
310°C in air [1], although much higher temperatures can be withstood for short 
periods. 
Crystalline ceramics and oxide glasses, on the other hand, having inorganic 
bonds, demonstrate much higher service temperatures, but lack the ductility and 
toughness displayed by organic polymers. Organic-inorganic hybrids are a relatively 
recent development with a primary aim to bridge the property gap between the two 
classes of materials. Intimate mixtures of ceramics, or glasses, with polymers on the 
nano scale aim to do just this. To bypass the manufacturing problems associated 
with the mismatch of processing temperatures for the organic and inorganic phases, 
the dispersion of one phase into the other is achieved by exploiting the sol-gel route, 
whereby ceramic-type materials can be generated in-situ through the hydrolysis and 
condensation of organometallic compounds in solution at low temperatures. Titania 
(Ti02) and zirconia (Zr02) are frequently used inorganic phases, but the commonest 
by far is silica (Si02), typically generated in the form of a porous gel from alkoxide 
precursors such as tetramethoxysilane (TMOS) or tetraethoxysilane (TEOS). 
1 
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A number of methods exist to produce hybrids, which can be divided into three 
broad categories [2]: (a) Type I hybrids are obtained from heat-treated porous oxide 
gels impregnated with organic monomers. The monomers are polymerised in situ to 
produce homogeneous interpenetrating structures. Examples include organic dyes in 
silica (for optical activity in laser applications) and PMMA in silica. (b) Type II hybrids 
consist of organics introduced into the alkoxide precursor solution and entrapped 
inside gel pores upon gelation. The types of organics used so far are liquid crystals, 
dyes and several exotic materials and the final products are directed towards 
applications such as display systems, chemical sensors, coatings and photonics. 
Type III hybrids are prepared by directly mixing a polymeric species with the alkoxide 
solution so that chemical bonds form between the gel and the organic during 
gelation. The resultant structure usually includes non-bridging organic groups, hence 
the name organically modified silicates (ORMOSILs). Examples of this category 
include hybrids of polydimethyl siloxane (PDMS) or polytetramethylene oxide (PTMO) 
oligomers with silica. The three categories are not meant to be exclusive, since 
continuing advances in the field of hybrids, with an expanding number of organic and 
inorganic precursors in use, mean that new systems may be found on the fringes of 
more than one of the above classifications. 
Even though the focus in defining hybrids has been to describe the modification of 
ceramics and glasses by a tough and deformable organic phase, the relative 
proportions of the components can be varied over a wide range. When the organic 
component is the main phase, to maximise the benefit gained from the presence of 
the dispersed inorganic phase, the former should be a high performance polymer 
such as a polybenzobisoxazole or a polyimide. The problem that arises from such a 
choice relates to processing, since the processability of .advanced resins is generally 
low due to their lack of reactivity; the very attribute that makes them suitable for use 
in demanding environments. Nevertheless, connectivity with the secondary phase 
can be enhanced by functionalisation or the use of bonding agents which make up 
for the absence of sufficient reactive groups [3]. 
The advantages of using hybrids based on high performance polymers as 
matrices for fibre-reinforced composites are self evident, as the thermal and 
mechanical enhancements imparted on the matrices are likely to extend to the 
composite systems also. Composites are versatile systems that can be tailored to 
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suit a variety of structural applications in industries as diverse as automotive and 
aerospace. Advanced composites for critical applications make use of high 
performance fibres such as boron, aramid or carbon, either as woven fabrics of a 
number of weave architectures, according to the nature of the biaxial stress field 
likely to be encountered in service [4], or from parallel arrays of unidirectional fibres, 
suitable for uniaxialloading. Epoxy-based resins are the most common matrices for 
these systems, but with maximum service temperatures limited to 177•C (5] they are 
inferior to polymeric systems containing imide groups such as bismaleimides (BM I), 
PMR (Polymerisation of Monomer Reactants)-concept resins and acetylene-
terminated (ATI) resins (6], as well as a small number of condensation polyimides 
derived from a variety of polyamic acids [7]. 
1.2 AIMS OF THE INVESTIGATION 
This project forms part of an extensive research programme into the fabrication of 
carbon fibre composites based on polyimide-silica matrices. The merits of high 
temperature polymers like polyimides in advanced composite applications have been 
already mentioned, but the demand for new materials with improved service ceilings 
dictates the need for continuous development. In view of the fact that the upper 
temperature limit for the stability of carbon-chain polymers (except perhaps ladder 
polymers (8]) does not exceed soo•c, even in inert atmospheres, the use of organic-
inorganic hybrids obtained by the sol-gel route represents a promising approach to 
meet these objectives. 
The broad aim of this work is to determine the factors that have an important role 
in the introduction of an alkoxide-derived silicate phase within the polyimide matrix 
with respect to the processability of the matrix. The optimisation of the various 
formulations for commercial use is beyond the scope of the study. To this end, 
several formulation parameters of the sol-gel component are varied and two types of 
polyimide precursor are used, whilst the reinforcement is restricted to a single type of 
carbon fibre. The main objectives of this study, therefore, concern the following: 
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• The production of polyimide-silica hybrids, possessing a fine and unifonn 
morphology, using a polyamic acid and an acetylene-terminated isoimide oligomer 
as the polyimide precursors and tetraethoxysilane (TEOS) as the sol-gel precursor 
for the silicate phase. Organofunctional trialkoxysilane coupling agents are to be 
used for compatibilisation of the organic and inorganic phases. 
• A study of gelation behaviour of the alkoxysilane precursor solution and of the 
hybrid mixtures, and the effects of a number of formulation parameters. 
• The use of the gelation data to determine the processing conditions for the 
production of unidirectional carbon fibre composites based on polyimide-silica 
hybrid matrices. 
• A preliminary evaluation of the key thermal and mechanical properties of the 
composites. 
CHAPTER2 
LITERATURE REVIEW 
2.1 SOL-GEL MATERIALS 
Traditional ceramic and glass technology typically involve elevated temperatures 
at which melting provides the necessary flowability for subsequent shaping. Glass in 
particular made 'in this manner, possesses an amorphous structure which is 
preserved as a result of fast supercooling. The arrival of the sol-gel process allowed 
radical changes in the way the materials are prepared and in terms of the 
temperatures employed. 
2.1.1 Historical Overview 
The process was first reported by Geffken and Berger in the late 1930's. lt has 
come a long way since the early preparation of single oxide coatings, after which the 
underlying physics of thin film formation was laid down by Schroeder [9]. 
In the meantime, the newly-found technology was being commercially exploited 
and products such as automotive rear-view mirrors ( 1959) and anti-reflection 
coatings (1964), both making use of Si0rTi02 mixed oxides, as well as sunshielding 
windows of TI02 (1969) appeared in the market. The independent efforts of Dislich 
and Hinz and Levene and Thomas shed light on the chemistry of multicomponent 
coatings in the late 1960's [9]. During the same time the development of sol-gel 
fibres and nuclear fuel cell microspheres (the latter making the manufacture of 
radioactive oxides safer and facilitating their packing into fuel cells of nuclear 
reactors) was taking place, which made the possibilities open to industry yet more 
apparent. Mid-1970's reports on these activities were followed by the work of Yoldas 
and Yamane that demonstrated the possibility of obtaining monolithic articles through 
special drying techniques performed on gels [10]. Research activity in the area of sol-
gel has been vigorous since. Examples of this activity in multicomponent glass 
systems appear in the literature [11]. 
5 
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2.1.2 Sols and Gels: Definitions 
Revision of the terminology now offers a clearer distinction between the nature of 
systems from the original precursor solution. The earlier term colloidal, which referred 
to sols of dense charged oxide particles and the term polymeric, which referred to 
suspensions of branched macromolecules were found to be ambiguous, since the 
latter also consist of colloids. Thus colloidal has been replaced by parliculate, 
describing sols with a non-polymeric dispersed phase, formed in aqueous solutions, 
whereas polymeric is now preferred for silica sols formed in not necessarily or strictly 
aqueous solutions from the hydrolysis of metal alkoxides, with a particle size below 
the colloidal range limit of 1 nm [10, 12]. This limitation in size is not always met, 
especially in base-catalysed/high water systems, but the particles formed are not 
considered true colloidal [12,13]. 
Aggregates of particles in particulate sols, under the influence of van der Waals 
forces, percolate in the presence of the liquid medium to form a gel. Base-catalysed 
polymeric systems with excess water, which consist of highly branched clusters that 
act like discrete particles, behave similarly. In contrast to these systems, acid-
catalysed polymeric sols with low water contents do not form clusters but linear or 
randomly branched polymers: these entangle and only cross link (with additional 
branching) at the gel point [10, 12]. Although these gels differ in that they involve 
different types of bonding, they all can appropriately be described as substances of 
"continuous solid skeleton enclosing a continuous liquid phase [1 0]." 
2.1.3 The Sol-Gel Process 
a. General Principles 
The synthesis of oxides by chemical means involves the sol-to-gel transition of 
hydrolysable metal alkoxides. This route does not involve aggregation of colloidal 
particles, but rather direct molecular linkage. The hydrolysis reaction involves the 
stepwise replacement of alkoxy ligands with hydroxyl groups: 
M(OR)m + (m-x)H20 - M(OHlm-x(OR)x + (m-x)R(OH) (2.1) 
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For network formation it is necessary that following the replacement of the ethoxy 
groups and their replacement with hydroxyls, the latter react with each other to form 
oxygen bridges, expelling water: 
==M-OH +HO-M== - =M-0-1111== + H20 (2.2) 
Ideally, the formation of M-OH bonds would be expected to be carried to 
conclusion before any bridging is accomplished. In practice, the presence of. partially 
hydrolysed reactants means that polymerisation reactions between =M-OH and 
ROM= are also possible, releasing not water as above, but alcohol, according to 
=M-OH +RO-M== - =M-0-1111== + R-OH (2.3) 
Reaction intermediates that form by concurrent hydrolysis and condensation in the 
reaction mixture, such as dimers (i.e., (ROhM-0-M(ORh) and trimers are also prone 
to further reaction. 
A succession of events such as the ones described, together" with re-esterification, 
lead to the formation of a polymeric sol, that after a given growth and through a sol-
gel transition, produces an inorganic oxide skeleton. Along the skeleton can be found 
unhydrolysed alkoxyl and uncondensed hydroxyl groups. The concentrations of these 
groups in the gel depend on the water content, the reaction time, the nature of the 
alkoxide, the solvent, the pH and thermal environments as well as on other factors, 
and are responsible for the resultant structure and, consequently, the final properties 
of the glass or ceramic. 
b. Materials from silicon-based precursors 
Sol-gel starting materials and ingredients 
Metal alkoxides belong to the family of organometallic compounds. These are 
molecules of a central metallic or metalloid atom attached to a number of organic 
functionalities, which can be reactive in their entirety or in combination with non-
reactive ones. A particular configuration determines the structure of the resultant 
polymer. 
Metal alkoxides date back to the middle of last century, when Elbemen first 
synthesised tetraethoxysilane (TEOS) by reacting silicon tetrachloride, SiCI4, with 
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ethanol. Soon after this, Mendeleyev discovered the ability of SiCI4 to hydrolyse to 
form silicic acid, which subsequently underwent condensation to yield high 
polysiloxanes [1 0]. The interest in sol-gel materials became keener with the 
development of the relevant technology. 
There is a vast number of silicon alkoxides (alkoxysilanes) commercially available, 
but the most frequently encountered are tetramethoxysilane (TMOS) and TEOS. The 
latter, often the main source material for single silicon oxide systems, is a colourless 
liquid with a density of about 0.9 g cm.a and is extremely pure when distilled [14]. 
The starting sol-gel mixtures of TEOS typically consist of the alkoxide and water. 
However, the two components are immiscible, and therefore, the presence of a eo-
solvent is necessary. This is commonly an alcohol, often ethanol. To control the 
relative and absolute rates of hydrolysis and condensation, a catalyst is also used, 
which is either an acid or a base. The reaction temperatures employed range from 
sub-zero to approximately 80°C [1 0]. 
Organofunctional alkoxysilanes 
In addition to tetraalkoxysi/anes, other categories of sol-gel precursors include 
organofunctional alkoxysilanes. Alkyl-substituted alkoxysilanes or organoalkoxy-
silanes [1 0], such as dimethylethoxysilane (DMES), mainly serve in modifying the 
polymer network through the presence of the non-hydrolysable groups. They are also 
used when introduction of organic matter within the network is desirable. 
Usually, the term "organofunctional" refers to alkoxysilanes in which one of the 
alkoxy groups is substituted by an organic tail made up from an alkylene and an 
organofunctional group. Also known as coupling agents, these silanes were originally 
introduced as adhesion promoters between organic resin matrices and mineral 
reinforcement (fibres and particulates) in an effort to improve bond strength and 
chemical resistance [15]. The polymer-substrate bond is achieved on one side via the 
alkoxy moiety which attaches the molecule to the mineral surface through 
condensation with pendant silanols, and on the other side through interactions of the 
organofunctional group with the polymer. Although this interaction is predominantly by 
covalent bonding, the occurrence of copolymerisation reactions at the interphase and 
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inter-diffusion to form interpenetrating networks (IPNs) has also been established 
[15,16]. 
For the coupling agent to fulfil its function, the nature of the organofunctional group 
is varied according to the chemistry of the matrix and service conditions. On a basic 
level, selecting a coupling agent for a thermosetting resin typically involves matching 
their reactivities; for instance, an epoxysilane is compatible with epoxy resins, just as 
a methacrylate silane is compatible with unsaturated polyester resins [17]. Versatile 
coupling agents, such as aminosilanes, also exist, which are suitable for use with 
several polymers, including polyimides [18]. 
The loss of mechanical properties in bonded systems occurring as a result of the 
hydrolysis of oxane bonds from the attack of water at the polymer-substrate interface 
has prompted research into methods of improving the wet performance and durability 
of the interphase. Water absorption (or retention [19]) induced by the hydrophilicity of 
the organofunctionality may be reduced by the use of coupling agents of more 
hydrophobic character. Examples of these are vinyltrimethoxysilane and r-chloro-
propyltrimethoxysilane. Blends of highly hydrophilic coupling agents (r-aminopropyl-
trimethoxysilane, for example), with hydrophobic ones have also been effective. On 
the other hand, the thermal stability of the interphase region can be enhanced by 
preferential use of aromatic (rather than aliphatic) coupling agents, an example being 
vinylbenzylaminosilane. Like hydrolytic resistance, thermal stability too is improved by 
blending, in this case aliphatic with stable aromatic molecules, such as 
phenyltrimethoxysilane [17]. The synthetic aspects of a variety of coupling agents are 
dealt with in reference [20]. 
Combined with tetraalkoxysilane precursors, organofunctional alkoxysilanes often 
find use in organically modified ceramics (ORMOCERs), which are classed as 
organic-inorganic hybrids. In these, the organofunctional moiety enables 
simultaneous formation of a secondary network, in addition to the primary network 
derived from the alkoxysilane moiety. A practical application of the ORMOCER 
concept has been reported by Schmidt and eo-workers, where silicaftitania/epoxide 
composites were produced as contact lens materials from the combination of r-
glycidyloxypropytrimethoxysilane and titania [21 ,22]. 
• 
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c. Reactions in Alkoxysilane Systems 
Alkoxysilanes become unstable in the presence of water and a suitable solvent. 
The hydrolysis (equation 2.4) and condensation (equation 2.5) that follow, may be 
represented for simplicity as 
nSi(OR)4 + 4nH20 - nSi(OH)4 + 4nR(OH) (2.4) 
nSi(OH)4 - nSi02 + 2nH20 (2.5) 
where the final product is silica. However, since in reality hydrolysis and condensation 
are neither sequential nor is the former always carried to completion, the above 
representation is only schematic and rather inaccurate and does not describe the 
reaction mechanisms. According to Bechtold et al. [23], the stoichiometry of the 
TEOS system is more suitably represented by 
nSi(OEt)4 + 0.5n(4-a+b)HOH - nSi(OEt)0(0H)bOo.5(4·a-b) 
+ n(4-a)EtOH (2.6) 
where the oxygen atom in the polycondensate is shared between two Si atoms. An 
alternative representation emphasising the existence of intermediate siloxane 
compounds and redistribution equilibria, where reaction by-products are consumed to 
produce a diversity of species, was put forward by Yoldas [24]. The suggested form of 
these species was Sin0[2n-O.s(x'Y>PHx(OR)y. where n is the number of polymerised Si 
and x and y are the respective numbers of terminal groups. 
Hydrolysis Mechanisms 
The hydrolysis reaction mechanisms presented here for tetraethoxysilane were 
suggested by Aelion et al. [25] as a modification to an earlier proposal by Swain et al. 
The mechanisms were later elaborated by Keefer [26], as follows: 
Base-catalysed hydrolysis 
The process involves nucleophilic substitution. The attacking group on the 
positively charged silicon is the hydroxide nucleophile which is on the opposite side of 
the alkoxide leaving group. The transient five-co-ordinated intermediate formed is 
soon converted into a monosubstituted silicic acid whose original molecule has 
undergone inversion in the process. The ethoxide ion is expected to react fast with 
water to produce a new hydroxyl. 
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OR 
\ 
HO-+ Si-OR -
RO/\ 
OR 
11 
Figure 2.1: The mechanism of base-catalysed hydrolysis by nucleophilic substitution; R = H, 
Et or Si(OR)3 [26]. 
Acid-catalysed hydrolysis 
This takes place by an electrophilic reaction. The hydronium ion approaches the 
tetraethoxide molecule to form an activated complex. While the partial bonds become 
stronger, the original bonds become weaker. The H-OR bond to strengthen the 
fastest breaks off as the alcohol, and the HO-Si= bond forms the silanol linkage. The 
remaining hydrogen ion should be able to protonate a water molecule in order to 
continue the reaction cycle. 
+ 
- -
Figure 2.2: The mechanism of acid-catalysed hydrolysis by electrophilic reaction [26]. 
Condensation Mechanisms 
Condensation catalysed in the pH range 3- 12 
Proposed by ller [27], condensation in the pH range 3-12 is a nucleophilic 
substitution reaction, whereby a protonated silanol is attacked by a deprotonated 
silanol (the nucleophile), to form a =Si-0-Si= linkage, displacing a hydroxyl in the 
process (see Figure 2.3). 
The highest acidity is found on the silicon with the lowest electron density, i.e. the 
one that carries the highest number of Si-0- groups. That is to say, the acidity of 
silanols increases with the degree of condensation of the units to which they are 
attached. Since the preferred reaction is that between the most acidic and the most 
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alkaline units, the least polymerised (and most alkaline) species are bound to be 
preferentially removed from solution to form part of more highly condensed species. 
+ 
RO OR 
"'-OH 
I 
RO 
RO RO OR 
-
RO RO OR 
" \I Si-0- Si--OH \ \/ - Si-0- Si + -oH 
Ro/\ I 
OR OR 
Ro/\ \ 
OR OR 
Figure 2.3: The mechanism of condensation by nucleophilic substitution; source [26]. 
Condensation catalysed at pH < 3 
In very acidic environments, the mechanism of condensation changes from 
nucleophilic to electrophilic, where the least acidic unit available (i.e., Si(OH)4), is 
protonated to become the electrophile. The silanol on the most heavily condensed 
unit is again the most acidic and is the most prone to be attacked. As at higher pH, 
the species most likely to survive are the ones with the highest degree of 
condensation [26-28]. 
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Figure 2.4: The mechanism of condensation by electrophilic substitution. 
d_ Factors affecting the hydrolytic polycondensation reactions 
Catalyst 
From their investigations, Aelion et al. [25] concluded that the rate and extent of 
TEOS hydrolysis are greatly influenced by the dissociation constant and 
concentration of the acid or base catalyst. They found that strong acids behave 
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similarly. The condensation rate in the presence of HCI is proportional to the 
concentration of the acid. On the contrary, they reported very low rates of reaction 
with weak acids. The same conclusions were also drawn by Cihlar [29] who 
investigated strong acids such as HCI, H2SO •• HN03 and p- toluenesulphonic acid 
and weak acids such as formic, acetic and chloroacetic. The weak acids he found to 
be inefficient as catalysts, although they did produce reasonable extents of hydrolysis, 
given the time, in the presence of 12.5 vol% water. 
Concerning hydrolysis under basic conditions with NaOH catalyst, Aelion et al. 
reported a first order kinetics with respect to TEOS in dilute solution, although at 
higher concentrations of monomer the reaction was complicated by insoluble 
polysilicate formation. Weaker bases such as NH.OH and pyridine were only effective 
as catalysts at higher concentrations. Also, in comparison to acid-catalysed 
hydrolysis, their results revealed a more pronounced dependence of the base-
catalysed hydrolysis on solvent nature. 
pH of solution 
Since catalysis of sol-gel hydrolysis and condensation is possible with both W and 
OH' in solution, knowledge of the H' ion activity is important. The scale in use is that 
of pH*, a corrected term for non-aqueous solutions (where pH* = pH-b). For mixed 
water-ethanol solutions such as those used with sol-gel preparations, the correction 
parameter, 8, is very small for up to 80-90 wt% ethanol [29,30]. A fairly large window 
exists therefore, where pH* "' pH, and allows measurements to be made by 
conventional means. 
During a reaction under basic conditions, successive hydrolysis steps are faster, 
since silanols replacing alkoxy groups on the silicon are more acidic, making the 
molecule more prone to attack by hydroxide ions [26,28]. An overall slow hydrolysis 
generates silanols which are immediately utilised by fast condensation into a tight 
network, leaving no intermediates in the reaction medium. Due to this mode of 
progress, it is not surprising that a large proportion of the alkoxy groups remain 
unreacted up to the point of gelation [31]. 
• 
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Although base-catalysed TEOS hydrolysis is predicted to be a first order reaction, 
this is not apparent unless the catalyst-to-silica concentration ratio is high. This is 
because the acidic silanol groups generated tend to neutralise the base, thus 
reducing the effective rate of reaction [26,28]. Nevertheless, according to Brinker et 
al. (32], a second hydrolysis under basic conditions encourages faster internal 
condensation and particle growth than the preceding acidic reaction, for the following 
three reasons: (a) hydrolysis in the presence of a base is faster than the overall rate 
of the acidic reaction; (b) the nucleophilic substitution mechanism, which is shared by 
both hydrolysis and condensation, provides a continuity between the two; this is 
contrary to the respective processes in the presence of an acid, where, unless the pH 
value is below -3, there is bound to be a shift from an electrophilic to a nucleophilic 
mechanism; (c) since silica is more soluble under basic conditions, any weakly 
crosslinked sites may be dissolved and re-precipitated, in a manner that resembles 
nucleation and growth from a homogeneous solution. As Keefer [28] explains, at high 
pH, although condensation is fast, the rate of production of Si02 is slow. Together with 
a high solubility, this gives rise to low supersaturation, which, coupled with the 
reversibility of the condensation reactions, ultimately produces a small number of 
large silica nuclei: These nuclei are the preferred sites for further precipitation, where 
highly dense clusters grow. This type of growth process is known as Ostwafd ripening. 
Acid-catalysed hydrolysis produces weakly crosslinked or linear polymers. This is 
attributed to the high reactivity of species with a low degree of hydrolysis (owing to 
their higher electron density) [26]. When these undergo condensation, a large number 
of unreacted sites remain in the newly formed network. Since according to inductive 
effects under acidic Conditions, molecular reactivity drops in the order tetraa/koxide > 
end group on chain > middle group on chain, the capacity for further crosslinking 
thereafter is low [26,28]. This reasoning was experimentally verified for TMOS. For 
TEOS, however, the findings of Pouxviel et al. (33] showed the opposite trend (i.e., 
that successive hydrolysis steps are faster) which is contrary to inductive effects. This 
phenomenon was attributed by Sanchez et al. [34] to equilibrium concentrations of 
hydrolysed species: The tetraalkoxy moiety reaches its equilibrium concentration 
slower than the more hydrolysed species. Hence, it would appear that since the first 
rate constant is the lowest, subsequent rates can only be faster. 
Chapter 2: Literature Review 15 
As confirmed by analysis of monomer concentrations and in sharp contrast to 
basic hydrolysis, acid hydrolysis is a highly heterogeneous reaction, with hydrolysates 
at different stages of hydrolysis (33] and a wide distribution of species at various 
degrees of condensation [31]. Assink et al. [31] support the general belief that the 
overall kinetics of the acid-catalysed reaction of TMOS is determined by the slow 
condensation step, which is the likely cause of the slow consumption and the 
presence in the medium of a number of intermediates (detected by NMR). 
lt has been argued by Keefer [26] that there are ways of improving the silicate 
network structure formed under acidic conditions, one of which is by reducing the pH 
to a limit of about 2, where the local maximum for hydrolysis and the minimum for 
condensation occur. The effect of speeding up hydrolysis at the expense of 
condensation would be for more silicate to reach a more advanced state of 
hydrolysis, thus acquiring a greater number of active sites capable of crosslinking. 
An issue that deserves attention in acidic environments is that of the reversibility of 
reaction. Under mildly acidic conditions, and in the presence of excess solvent, re-
esterification is possible, reverting silanols (especially the well-hydrolysed ones [33]) 
back to the alkoxyl [26,35] regardless of the degree of condensation. The role of pH 
here is to keep the silanols in the network acidic, in order to avoid attack from 
protonated alcohols. If the pH is not suitably low, silanols become neutral and are 
open to attack. Re-esterification is therefore the main reason for the higher amount of 
residual organic matter in acid-catalysed gels than in base-catalysed gels [26]. since it 
is in the former that hydrolysis is more likely to go to completion [13,26]. In addition, 
volatilisation of the tetraalkoxide monomer in base-catalysed gels may result in an 
even lower amount of organics than would be expected. 
Water 
Theoretical models such as the one represented by equation (2.6) [23] clearty 
show that the initial ratio of water-to-alkoxide, r, necessary for stoichiometry is 2. 
Anything above 2 should carry hydrolysis to completion, and a sol should develop 
whose structure is intermediate between two extreme theoretical situations: According 
to Yoldas (36], orthosilicic acid with a very large intermolecular separation, which is 
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unable to polymerise, is formed at r = 4. In contrast, silicate of formula Si(04) 112, 
devoid of hydroxyl groups, is formed from polymerisation at r= 2. 
In practical terms, excess water (r > 2) is expected to cause the rate of hydrolysis 
to increase with respect to condensation [32], but the condition of non-polymerisation 
is not expected to take effect up to higher values of r. Under acidic conditions, 
hydrolysis predominates [26] and goes to completion, leading to a decrease in the 
content of intermediates [34] and to the development of a less weakly crosslinked 
polymer [37 ,38]. Under high water/acidic conditions, Sakka et al. obtained spherical 
and highly crosslinked silicate particles, but not surprisingly, under low water 
conditions, the particles turned to chain-like. 
A kinetic justification for these observations is that under low water conditions the 
condensation of hydrolysed monomer {whose product is water) is inhibited by a shift 
of the equilibrium in favour of the reverse reaction, thus encouraging further 
hydrolysis [38]. Even so, despite the effect of water on relative rates, both hydrolysis 
and condensation have been reported to be accelerated by higher water 
concentrations [29,33]. Furthermore, in the case of a second hydrolysis [32] by 
addition of extra water, a possible mechanistic cause for the development of higher 
crosslinking is the generation of more silanols which can subsequently undergo 
internal condensation. 
The generalised effects of water in basic conditions are not dissimilar to those for 
acidic conditions. However, from observations of Klein et al. [13], it is apparent that 
excess water affects hydrolysis more than condensation, resulting in solutions that 
kinetically resemble more closely acid-catalysed solutions rather than base-catalysed 
solutions with understoichiometlic water. 
The water-to-alcohol concentration ratio plays an important role in acidic solutions, 
as it dictates the probability of re-esterification. Alcohols, except methanol, form 
azeotropes with water. Outing drying, the component of highest concentration 
eventually remains alone in the sol-gel solution. Whereas water would continue to 
hydrolyse unreacted sites, alcohol tends to re-esterify silanols and remove the water 
by-product as part of the azeotropic mixture, thus driving the decomposition of the 
polymer to completion [26]. 
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Solvent 
Type of solvent 
The type of solvent used in sol-gel reactions is an important factor, with respect to · 
the rates of hydrolysis and condensation and, consequently, also in terms of the 
structural development of the resultant silicate. 
Alcohols, depending on the size of the alkoxy group, provide different solvent 
environments for the hydrolysis reactions. Yoldas [24] argues that the lower the 
alcohol, the higher the rates of hydrolysis and the subsequent condensation, leading 
to more complete networks of higher silica contents. The latter is seen as a result of 
the higher degree of freedom available for the reacting species, which depend on 
easy mobility for efficient diffusion [24,36]. The possibility of transesterification, where 
the monomer's ester is different to that of the alcohol [31 ,36], cannot be ruled out 
either. This means that exchange of large terminal groups on the monomer with small 
ones would again afford the reacting species a higher mobility. Both result from a 
lower weight and a higher molecular separation between species. The effect of the 
alcohol's size is diminished at higher monomer concentrations, where diffusion 
capability is reduced by the relatively higher viscosity of the system. 
Apart from alcohols, other types of solvents have been used. Those investigated 
by Artaki et al. (39] were classified as: (a) polar protic, such as H20, methanol and 
formamide; (b) dipolar aprotic, such as DMF, THF and acetonitrile; and (c) non-polar 
aprotic, such as dioxane. According to a number of reports (31 ,35,39,40], the nature 
of the silicate network is decided by the level of interaction of the solvent with the 
reactants during condensation. The factors of interest are the dielectric constant of 
the solvent (controlled by the dipole moment of the molecule), and its hydrogen 
bonding capability. Interactions have been explained assuming a bimolecular 
nucleophilic substitution condensation mechanism [39]. 
Polar aprotic solvents inhibit the rate of condensation by deactivating the 
nucleophile through H-bonding and by raising the activation energy through 
stabilisation of the nucleophile's negative charge (solvation). Dipolar aprotic solvents 
are also highly polar, and so they too can decelerate condensation by solvating the 
reacting species (e.g., =Si-0). Non-polar aprotic solvents, on the other hand, cannot 
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impede the condensation process as they offer no possibilities of either H-bonding or 
solvation on the negatively charged ions. 
Differences exist also between solvents within the same category: For instance, 
the H-bonding and solvation capability of formamide are greater than MeOH owing to 
a considerably larger dielectric constant (HCONH2:110; MeOH: 32.6) and dipole 
moment (HCONH2:3.7; Me0H:1.69). Stronger H-bonding to incompletely condensed 
=Si-0" groups reduces the efficiency of condensation and steers the system towards 
the formation of more highly branched particles. These carry lower electrostatic 
repulsive forces than more highly condensed units, inducing further growth, which 
leads to larger particles that tend to aggregate faster [39]. 
Furthermore, the role of formamide partly replacing EtOH during TEOS hydrolysis 
was described by Boonstra et al. [40,41] as competitive with the protons of the acid 
catalyst (HCI) since it was found to participate in proton take-up (equation 2.7) and 
reduction of the hydrolysed species (equation 2.8) resuHing from the electrophilic 
acid-catalysed hydrolysis (see Figure 2.2): 
H+ 
(R03)Si-6c2Hs + 
-
0 
11 
(2.7) 
~N-CH - (R03)Si-OC2Hs 
0 
+ 
+ 11 
H3N-CH (2.8) 
These findings are in agreement with the fact that the systems treated with formamide 
possess large-sized pores [42], as a consequence of the involvement of incompletely 
hydrolysed species in condensation reactions, and with reports that the pH of the 
acid-catalysed solution is likely to increase with time. Regarding the latter result, 
however, explanations also included the likelihood of the hydrolysis of formamide by 
W ions to form NH/ and formic acid [1 0,43]. 
Concentration of solvent 
As alcoholic solvents (EtOH, PrOH) form azeotropic mixtures with water, the 
azeotrope, which has the highest vapour pressure, is likely to evaporate first, leaving 
behind either the water or the alcohol (depending on their initial amount) in solution 
with the hydrolysate. Should the alcohol be in excess, silanols re-esterify and the 
water produced is readily removed as part of the azeotrope, thus driving the reverse 
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reaction to completion. lt follows, therefore, that for the thermodynamically favourable 
hydrolysis reaction to succeed, the composition of the sol-gel solution should be such 
that it ensures that water (and not the alcohol) evaporates last [26]. 
The effect of solvent concentration in acid-catalysed hydrolysis is not entirely clear. 
However, in the case of base-catalysed solutions, it is known that by increasing the 
amount of EtOH within specific limits, hydrolysis is favoured, since species stay in 
solution longer and early condensation is prevented [13]. 
Alkoxide 
Concentration 
The concentration of the alkoxide in the sol-gel medium is important from the point 
of view of molecular separations. Closer proximity between reacting species 
increases the probability of mutual collisions and leads to structures of higher oxide 
content [36]. 
The change of the alkoxide concentration with time during hydrolysis and 
condensation is relevant in commercial applications.·For instance, comparing reactive 
solutions in a closed and an open system, it is observed that only in the open system 
does the solution decrease in volume and become more concentrated with time. In 
this state, the solution is said to be spinnable [38]. 
Chain length of alkyl radical 
One of the earliest investigations on the subject was that of Aelion et al. [25] who 
determined that the rate of hydrolysis decreases with increasing the length of the alkyl 
radical. This finding was later confirmed by other authors. Whether it is reduced 
diffusivity [24] or steric hindrance that is ascribed to the longer alkoxyl group, the fact 
remains that molecular mobility is significantly impaired [38]. Controversially, however, 
studies by Sakka et al. [44], involving -R groups ranging from methyl to butyl, 
suggest a very weak effect of the size of these groups on hydrolysis. 
Condensation is also expected to be affected by the nature of the alkyl radical, 
since the diffusivity of intermediate species with long unhydrolysed groups attached to 
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them is reduced. The oxide content of the subsequent structures follows the same 
pattern [24]. 
If one or more of the groups attached to the silicon is non-reactive, the network 
structure is modified. If indeed the number of these R' groups is equal to or greater 
than 2 in structures such as R'2Si(ORh or R'3SiOR, only linear polymers are formed 
[10,24]. 
Steric factors 
The steric hindrance effects associated with the chain length of the alkyl radical 
have been discussed in the previous section. Steric effects also account for the 
prevention of re-esterification during a base-catalysed reaction. Assuming that the 
SN2 mechanism is the one in operation, the inversion of the tetrahedron and the 
necessity for back-side attack (Figure 2.1) are the factors that account for the difficulty 
in the occurrence of the reverse reaction [26,28]. 
The possibility of further reactions taking place after condensation of incompletely 
hydrolysed species is higher in the event of an acid-catalysed reaction. Because of 
the absence of inversion, the low extent of crosslinking in an acid-catalysed solution 
constitutes a smaller obstacle to the continuation of reactions. Hence, under 
equivalent conditions where both basic and acidic catalysis favour condensation of 
unhydrolysed species, acidic catalysis is most likely to allow hydrolysis to go to 
completion [26]. 
e. Aggregation and Growth 
Although branched clusters formed during a base-catalysed reaction behave as 
discrete species in solution, they are not colloids. This consistency is approached 
under excess water and low monomer concentration conditions [12,14,45] where a 
full hydrolysis of TEOS is expected. The polymers formed during an acid-catalysed 
reaction, particularly in the presence of small amounts of water, are highly ramified 
[12,45]. 
In reports by Keefer [28], the silicates formed under any of the above conditions 
are described as fractal in nature. Fractals are structures resulting from random 
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growth processes. They have dilational symmetry, whereby their appearance remains 
unchanged after magnification. In mass fractals, the volume occupied grows faster 
than the mass that generates it. Surface fractals, on the other hand, are highly 
complex structures of surface area that increases with mass at a faster rate than 
normal (Euclidean) objects. 
Fractal dimensions in silicate systems may be determined by x-ray, neutron or light 
scattering measurements and growth can be simulated by computer models. 
Typically, fractal geometry describes silica structures on the basis of the relative rates 
of hydrolysis and condensation [28]. For base-catalysed reactions, using the 
poisoned Eden model (a reaction-limited monomer-cluster aggregation model), 
structures range from non-fractal at high water concentrations, to colloidal with 
fractal/y rough surfaces, to true fractal (polymeric) at lower water concentrations. In 
acid-catalysed systems, where the small particles involved tend to form branched 
polymers that grow by polymer-polymer interactions, using the RLCA (Reaction 
Limited Cluster-cluster Aggregation) model the resultant structures are shown to be 
true fractal. 
The idea that silicic acid monomer (generated either from acidifying a salt such as 
Na2Si03, or from the hydrolysis of an alkoxide in an excess of water) can polymerise 
into siloxane chains in the fashion familiar in organic polymers, is rejected by ller. His 
classical theory of polymerisation of silica [27] involves polymerisation of the 
monomer to first form particles which then grow and join networks that extend with 
time. (The term "particle" refers to discrete polymeric units, not particulate sols). 
At concentrations above the solubility limit of silica (1 00-200 ppm), Si(OH)4 
polymerises by condensation at rates controlled by either oH- or H+ ions in the way 
already examined. The tendency to form =Si-0-Si= bonds at the expense of silanol 
leads to the formation of cyclic structures and their subsequent growth by addition of 
monomer into large three-dimensional polymers. These internal condensation 
reactions produce compact entities with pendant silanol groups for subsequent 
growth. Particle size at this point is important in that it determines the radius of 
curvature of the surface, that controls the solubility of the particle. Solubility is also 
determined by the degree of condensation within the particles. The largest and most 
condensed particles survive and continue to grow by Ostwald ripening. 
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At pH > 7, where silica dissolution and re-deposition rates are high, this activity 
leads to particles of colloidal dimensions. At high pH up to 10.5 and moderate solution 
concentrations, negative charges on particles cause mutual repulsion and growth 
without aggregation. This is in agreement with results of Aelion et al. [25]. High 
temperature has a similar effect, since accelerated growth leads to a small number of 
larger-sized particles [27,46]. Charges may be reduced by the addition of a coagulant 
(for example, Na• ion of a salt such as Na2S04 or NaCI) in which case aggregation 
can occur. At too high salt concentrations, precipitation is observed. At low pH, where 
the rate of polymerisation (and de-polymerisation) is slow, particles are very small in 
size and further growth is discouraged. Under these conditions, the tendency to form 
networks rather than oversized particles is more pronounced, owing to the low ionic 
charge on particle surfaces, which allows higher rates of interparticle collisions. 
Therefore, at a 'high' concentration of Si02 of > 1%, aggregation of very small (but 
essentially dense) particles is possible. 
At pH levels of 5 to 6, there is rapid simultaneous formation and aggregation of 
particles, so much so, that above 1% Si02, networks comprise oligomers as well as 
particles [27]. The above processes and the effects of pH are depicted in Figure 2.5. 
IOOnm 
Figure 2.5: Polymerisation behaviour of silica [27] 
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Interparticle bonding 
Particles, whether dense spheres or ramified aggregates, attach to each other 
through siloxane bonds that form as a result of the condensation of surface silanol 
groups and Si-0- ions at the point of direct contact. The negative curvature at the 
point of interparticle contact accounts for the very low local solubility. This drives 
forward the process of further bonding through fast monomer deposition [27]. 
Hydrogen bonding plays an important role by causing interactions between silanol 
and siloxane groups from either particle surface, directly or through water molecules. 
H-bonding is active, consolidating particle chains even up to advanced stages of 
ageing and desiccation [47], (see Figure 2.6). 
GEL 
SOL 
Figure 2.6: Some possible H-bonding arrangements on and between the surfaces of silica 
particles in sols and in gels [48]. 
The process of chain and branch forming is only available to those systems that 
prevent excessive growth by keeping negative repulsive charges to low levels. 
Regarding the question of how polymerisation is possible at pH 2, where the overall 
net charge is zero (due to the occurrence of the isoelectric point of silica), it is 
hypothesised by ller [27] that the negative charge on si-0- ions, presumably involved 
in the initial reactions between surface species, is counterbalanced by the positive 
charge on W ions present in the polymerising medium. 
! 
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f. Gelation 
This process is only possible below a certain level of pH, where repulsive surface 
charges are low enough to allow aggregation and growth. As a result of 
polymerisation into three-dimensional networks, an increasing fraction of the sol 
becomes occupied by, what ller [27] calls, microge/ regions. These regions, in 
contrast to precipitates, have the same refractive index and density as the 
surrounding sol, which explains the transparency of the system. During the 
development of microgels, there is a slight increase in viscosity. 
As already indicated, prior to gelation and under acidic conditions, the gel phase 
consists of linear or randomly branched polymers, whereas under basic conditions it 
is made up of individual highly branched clusters. At the point of gelation, linear 
chains become entangled whilst branched clusters impinge on each other [12]. 
Viscosity, then, reaches infinity and a homogeneous transparent gel is formed (see 
Figure 2.7). 
(a) 
Far from Gel Point 
Near Gel Point 
entangled primarily 
linear molecules 
Gel Point 
Additional crosslinks 
at junctions 
(b) 
Far from Gel Point 
branched clusters 
Near Gel Point 
growth and addttional 
branching 
Gel Point 
linked clusters 
Figure 2.7: Polymer growth and gel formation in (a) acid- and (b) base-catalysed systems [12] 
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g. Factors Affecting Gelation 
pH of solution 
The variation of gel time with pH is shown in the diagram in Figure 2.8. There are 
three regions clearly defined in terms of pH, specifically below the value of 2, between 
2 and 7 and above 7. 
The first boundary, that occurs around pH 2, is characterised by the existence of 
the point of zero charge, pzc, where the surface charge is zero, and the isoelectlic 
point, iep, where the electrical mobility of silica particles is zero. The latter generally 
corresponds to the pH at which the monomer reacts most slowly with itself to form 
dimers. Both the pzc and iep occur at an average pH of 2±0.5, depending on the 
degree of crystallinity of the surface, the presence of impurities and particle size [27]. 
There is also evidence that the isoelectric point depends on the nature of the solvent, 
and varies according to the degree of dissociation of the catalyst in that solvent, and 
the degree of hydrolysis of the silicate species [49]. The region just below pH 2 
corresponds to a maximum temporary sol stability while the minimum, which is 
accompanied by rapid gelation, occurs between pH 5 and 6. 
The second boundary is placed at pH 7. Above this value, the solubility of silica 
increases, so dissolution rates become faster. Also, particles become ionised, with 
the familiar consequences on gelation due to self-repulsion. Below pH 2, the gelation 
rate tends to increase, but it is also further catalysed by traces of HF which are 
present in silicas originating from any synthetic route [50]. The effect of HF may be 
partly counteracted by the formation of complexes in the presence of impurities of 
metals such as AI, Fe, Th or Be [27]. 
Catalyst 
The effect of the catalyst on the rate of gelation of silicon alkoxides follows the 
same trends as on the rates of hydrolysis and condensation. Pope et al. [51] state 
that the dissociation constant of acids is not enough to account for their observed 
behaviour. They suggest that the acid anion (Cl', F', CH:r-CO') has an important 
function, and taking the example of acetic acid (HOAc), they proposed that the acetyl 
groups are actually consumed during the course of the sol-gel reaction to form ethyl 
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acetate by-product. Sakka et al. [38] also observed the marked difference in the 
gelation behaviour of HOAc from the gradual increase in viscosity that it produces in 
comparison to the abrupt change produced by other stronger acids. 
The role of the acid anion during acidic catalysis is played down by Coltrain et al. 
[30], as they believe the effect of the solvent on the strength of the acid is what 
produces the observed differences among acids. They suggest that pH* (rather than 
pH) is the appropriate scale for acidity measurements. They demonstrated that the 
dissociation constant, which increases appreciably in EtOH, is what distinguishes 
HOAc from other, stronger acids: on a pH* scale, the trend traced out by HOAc 
coincides with those of the other acids (see Figure 2.8). 
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Figure 2.8: Variation of gel time with (a) pH and (b) pH* [12] 
The effect of catalysis by HF observed at pH < 2 has been explained by ller on the 
basis of the small ionic radius of fluorine. The F ion, being smaller in size than OH· 
,------------------------------ --
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(which is active at pH > 2), can act in its place to raise the co-ordination number of the 
silicon atom from 4 to 5 or 6, so that the activated complex necessary for a 
nucleophilic reaction can be formed [51]. Acid catalysis in the presence of the fluoride 
ion accelerates both hydrolysis and condensation, hence the observed increase in 
gelation rate. A side effect of this reaction is that the fluoride ion, that can also partly 
substitute the oxygen in the structure of silica, reduces the amount of H-bonded water 
as well as the number of silanols. These reductions render silica more hydrophobic, 
causing the gel to retain lower amounts of water and diminish bloating during the 
expulsion of the liquid phase [52]. 
Water content 
In general, increasing the water content of alkoxide solutions promotes gelation 
[38]. Results by Bechtold et al. [53], showing smooth hyperbolic relationships between 
gel time and H20fTEOS ratio, r, confirm this (Figure 2.9). Under acidic conditions, 
higher temperature raises the rate of gelation, as expected. from the Arrhenius 
equation for rates of reaction. 
o; 
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Figure 2.9: Variation of gel time with H20/Si(OEt)4 ratio for 3.33 mole Si02/kg at 60.2, 24.5 
and 4.5°C [53] 
Commenting on the limitations of increasing r to achieve faster gelation, Sakka et 
al. state [38] that too high a water content tends to produce a counter-effect of 
undesirable dilution, whereby gelation is retarded rather than promoted. 
27 
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The findings of Boonstra et al. (54], provide indirect evidence on the effect of small 
additions of water above stoichiometric amounts. In their two-step reactions with 
TEOS, a small excess of water added, either at the initial acidic step or at the 
subsequent basic step, produces a H20:EtOH ratio that favours the formation of oH· 
groups in preference to Eto- terminal groups on the surface of particles. Since the 
OH- groups increase the growth rate, gelation under these moderate conditions is 
reached faster. 
Solvent and Alkoxide 
Concentration 
A higher concentration of alcoholic solvent effectively means a decrease in the 
monomer concentration due to dilution. Thus, the polymerisation rate falls due to a 
decreased rate of intermolecular collisions and gelation is prolonged (38]. 
Alkyl radical chain length 
Polymerisation rate and, therefore, gelation rate, fall with increasing alkyl group 
chain length, whether the group in question belongs to the alkoxide, the alcohol, or 
both. The reasons are steric and follow the same logic as with the rates of hydrolysis 
and condensation. Enhancements in monomer mobility by transesterification with a 
smaller ligand from a lower alcohol can reduce the gel time. 
Alternative solvents 
In comparing two polar solvents such as methanol and formamide, one ought to 
consider their ability to sterically hinder hydrolytic polycondensation by H-bonding, 
(electrostatic effects aside). Between the two solvents, the most pronounced H-
bonding interaction is caused by formamide, hence, the lower degree of condensation 
resulting from this system biases it towards the formation of more branched particles, 
with a tendency to aggregate fast. Gel times are therefore shorter. 
Accordingly, a non-polar aprotic system, such as dioxane, which is inclined 
towards the production of a small number of large spherical particles with negative 
surface charges, is expected to yield long gel times (39]. 
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2.1.4 Rheological Considerations in the Transition of Sols to Gels 
A number of methods have been proposed by several workers for the detection of 
the 'gel point'. Arbitrarily defined parameters, such as the point of no fluidity [27 ,55], 
are useful measures of gel time but are of limited accuracy and, therefore, have their 
shortcomings when detailed information about viscosity changes is needed for 
development of gel processing techniques. Rheological measurements by means of · 
cone and plate, plate-plate or coaxial cylinder rheometers can provide this 
information. 
Several authors have reported that the sol-to-gel transition of acid-catalysed TEOS 
solutions takes place in three stages [56,57]. In steady shear experiments, Xu et al. 
[56] observed that during the first stage, the sol exhibits Newtonian behaviour, i.e. the 
viscosity is independent of the shear rate imposed by the measuring instrument. 
Although the monomer is in the process of polymerising, the formation of aggregate is 
not dominant and therefore the viscosity increase is small. During the second stage, a 
steady increase in viscosity is observed due to the formation of linear polymers, and 
at the third stage, a yet higher viscosity increase occurs as a result of 3-D network 
formation [56]. 
Sacks et al., using dynamic viscometry, found that the loss modulus (G'), grows at 
a higher rate than the elastic modulus (G) during the initial stage, because the energy 
dissipation during flow (which contributes to G') is more significant than the weak 
polymer-polymer interactions (which contribute to Gl As a result, the loss tangent 
(tan 8) in this stage also increases. In the second stage, the tan o decreases as G' 
grows faster than G" due to a large scale aggregation of hydrolysed monomer. The 
sol starts developing an elastic character and displays shear thinning in response to 
applied shear stresses. Thixotropic flow, accompanied by pronounced yielding and 
hysteresis effects, is observed at the last stage before the onset of gelation, where 
the loss tangent decreases even further and the extensive network gives rise to large 
G'and G". 
There are a number of objections for the use of steady shear for monitoring the 
viscoelastic properties of crosslinked materials, such as sol-gel silica. Steady shear 
which is likely to destroy the developing network [58-62], is bound to produce results 
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indicating longer gel times than the true values. Dynamic viscometry using small 
amplitude shear, on the other hand, causes minimum structural disruption and yields 
useful dynamic mechanical parameters, so is a preferable method. 
The effect of strain on gel properties has been demonstrated by Khan et al. [58], 
who showed by dynamic viscometry of particulate gels how at constant frequency a 
higher strain amplitude can result in a lower storage modulus (G). Frequency at a 
constant strain amplitude, however, was found to have no significant effect, as the 
end properties from different frequencies eventually converge to a single value. 
The definition of gel point in terms of the rheological behaviour of solutions is 
essential if the phenomena that bring about the appropriate conditions for 
manufacturing techniques are to be understood, and the techniques optimised. For 
example, Sakka and eo-workers [63,64] reported that the sol must have optimum 
spinability to enable fibre drawing and film casting. However, apart from recognition of 
the importance of the chemistry of the solution (low water acid-catalysed TEOS) and 
the necessity for linear polymeric character, only arbitrary viscosity conditions had 
been assigned to the optimum consistency of the sol. With reference to this problem 
and with quantitative evidence, Sacks et al. [57] have commented that spinability 
depends on the elasticity of the polymer which needs to be developed to a sufficient 
level (a suitable level occurs during the shear thinning stage) but not excessively (as 
during Thixotropic flow). 
From studies by Winter [59,60] it has been argued that the dynamic mechanical 
response of crosslinking systems very close to the gel point is sensitive to the type of 
network being formed. lt was reported that in networks classified as stoichiometrically 
balanced, the gel point during small amplitude shear is determined at tan o = · 1. 
Conversely, the gel point in stoichiometrically unbalanced networks is at tan o~ 1. In 
a multifrequency experiment the former type of network displays a crossover of the 
two relaxation moduli, whereas the latter shows the two moduli to be parallel across 
the frequency range examined. 
These concepts were put to practice in the work of Soskey et al. in studies of an 
acid-catalysed TMOS system. Low acid concentrations were found to produce a 
crossover of G' and G", which was attributed to the growth of structures of various 
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sizes that form a weak network upon gelation, as can be inferred from the low moduli 
values (Figure 2.1 O(a)). At high acid concentrations, the moduli do not cross at any 
point along the whole frequency range, indicating the growth of structures of narrow 
size distribution (Figure 2.1 O(b)). In both modulus-frequency diagrams, a shift in the 
structural character for the sol-gel mixtures is noted with isothermal treatment, as their 
behaviour changes from Newtonian (slope 1) to viscoelastic (slope 0.5) to elastic 
(slope~O). 
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Figure 2.10: Dynamic responses of (a) low-, (b) high-[HCI] system prior to, near and after the 
gel point [61]. 
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2.1.5 Ageing of Gels 
During the sol-gel transition, material properties change dramatically, but since 
condensation reactions continue to occur, the properties of the gel also continue to 
change. This effect of time on structure is known as ageing [36], where the solubility 
of silica decreases to a larger extent than across the gel point and the specific surface 
area decreases by the loss of porosity [27] through continuous filling with condensing 
monomer. The accompanying increase in skeletal stiffness causes a marked 
increase in the modulus of aged gels [1 0]. 
The cause of changes in gel structure originates from the early stages of its 
formation. The extent of reactions and the resultant crosslinking density determine 
whether there are possibilities for additional condensation. Phase separation is 
possible either in the form of density fluctuations across regions of high and low 
crosslink density, or by creation of rich and poor monomer-containing areas by high 
rates of depolymerisation under conditions of high solvent concentration [12]. Indeed, 
most reaction parameters that control hydrolysis and condensation are of significance 
with respect to the nature of the resultant gel structure [10, 12,13,36]. 
2.1.6 Drying of Gels 
To remove the solvent phase from a/coge/s (gels from alkoxide hydrolytic 
polycondensation as opposed to hydrogels of colloidal sols or ion-exchanged 
solutions [14]) they have to be dried at a higher temperature by evaporation to create 
xeroge/s, or under supercritical temperature and pressure, to create aeroge/s. 
In aerogels, the solvent is replaced by air by reducing the interfacial tension. This is 
achieved by equalising the density of the liquid phase with that of th·e vapour phase, 
thus eliminating any capillary pressure and preventing fracture or warping. The result 
is a silica body of up to 95% fine porosity [65], and the product is geared towards 
insulating glazing material applications. 
Xerogels are much more collapsed bodies, but they are still microporous. As these 
materials are often produced in the form of large monolithic articles, the necessity in 
employing techniques of fracture-free drying is clear. The theory of drying gels has 
been studied extensively [66,67], and the solutions proposed involve ultrastructural 
I 
t 
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control, whether through the manipulation of growth by the reaction conditions or by 
introduction of DCCA's, drying control chemical additives. 
Conditions that lead to weak networks are bound to result in high structural 
compaction, because under the influence of capillary forces from drying, flexible 
branches deform and collapse to a greater extent. Hence, as a rule of thumb, low 
pH/low water conditions produce dense gels whereas high pH (6-10)/high water 
conditions produce gels of high porosity (Figure 2.11 ). Since large pores contribute to 
lower surface area (available for chemisorption of chemical species) and provide 
wider paths for the evaporation volatiles, the latter systems develop lower drying 
stresses and are less susceptible to fracture [12,51 ,55]. Acidic systems can be made 
to behave similarly by means of a second hydrolysis under basic conditions at higher 
temperature, which promote particle growth [68]. 
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Figure 2.11: Schematic representation of desiccation of (a) acid-catalysed gels; (b) base-
catalysed gels; (c) colloidal gels under conditions of high silica solubility; (d) colloidal gels of 
weakly bonded particles [12]. 
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The function of substances such as DMF [38,69] and formamide as drying control 
chemical additives is to regulate the relative rates of hydrolysis and condensation, so 
that larger particles of uniform size are formed. During ageing, a narrow size 
distribution of large pores is achieved that facilitate the expulsion of volatiles, keeping 
capillary stresses at safe levels [70]. The other function of formamide, is to prevent 
chemisorption of H20 molecules on silanols inside pores [71]. In this way, desorption 
of free water is achieved at lower temperatures. 
2.2 POL VIM IDES 
2.2.1 Historical Overview 
Polyimides were discovered by Bogert and Renshaw in 1908 [1,72], when they 
reported the formation of a "polymolecular imide" from the dehydration of 4-
aminophthalic anhydride. lt was not until much later, in the 1950's, that intensive 
research into polyimides by Du Pont culminated in the development of the Pyralin 
series of soluble polyimide precursors for wire coating applications, and Kapton H-
film. Expanding the spectrum of commercial applications, Monsanto's Skybond 
series of polyimide precursors, Rhone-Poulenc's Kerimid and Nolimid polyimides, 
Hitachi's PIQ series and Gulf Chemicals' Thermid system are examples of the efforts 
that followed. The need for linear polymers from soluble precursors in the 1980's for 
passivation coatings and dielectric insulators in the area of microelectronics, caused 
renewed interest in polyimides, that continues until the present day [72]. 
Aromatic polyimides are a class of specially polymers of very high thermoxidative 
stability, designed to ensure retention of mechanical and physical properties at 
elevated temperatures in high performance applications as diverse as aerospace 
and microelectronics. For the purpose of classification, a distinction is made between 
two major types of polyimides, condensation and addition polyimides, on the basis of 
their chemistry. 
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2.2.2 Condensation Polyimides 
a. Two-stage synthesis 
This type of synthesis takes place in solution between primary aliphatic (or, more 
importantly) aromatic diamines and tetracarboxylic acids or their derivatives, such as 
dianhydrides. Examples of aromatic diamines and dianhydrides appear in Table 2.1. 
The solvent is typically a high boiling polar aprotic solvent like N-methyl 2-pyrolidone 
(NMP), N,N- dimethyl acetamide (DMAc) or N,N- dimethyl formamide (DMF) [73,7 4]. 
The first stage of the two-stage synthesis involves the formation at room 
temperature of a polyamic acid (PAA), which is the soluble precursor to the final 
insoluble polyimide. The second stage occurs through ring closure and water 
· expulsion (cyclodehydration) by thermal or chemical means, and the process is 
better known as imidisation. In the reaction scheme below, Ar and Ar' are the 
aromatic groups in the dianhydride and the diamine, respectively. [72]. 
1 STEP 1 
0 OH H 0 0 
11 11 I I 11 11 
-1--IC C-N-M-N-1--1--'C'- /C-QH /( >~ 
HO-C C-OH HO-C C-N-M-N 
11 11 11 11 I I 
0 0 x 0 OH Hy 
l STEP2 
+ 
Figure 2.12: Reaction scheme for the two-stage polyimide synthesis [72]. 
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Table 2.1 
List of aromatic dianhydrides and diamines commonly used in the synthesis of 
polyamic acids 
Chemical name Abbreviation Structure 
DIANHYDRIDES 
Pyromellitic dianhydride PMDA 
0 0 ~0 
0 0 
3,3',4,4'-biphenyltetracarboxylic acid BPDA 
dianhydride 0 
0 
0 0 11 0 
3,3' ,4,4'-benzophenonetetracarboxylic BTDA o~c~o acid dianhydride 
0 0 
0 0 
4,4'-oxydiaphthalic anhydride ODPA o~0~o 
0 0 
DIAMINES 
p-phenylene diamine PDA HzN-@-NHz 
H 
methylenedianiline MDA HzN-©-9~NHz 
H 
0 
4,4'-diaminobenzophenone DABP HzN-<Q)-8~NHz 
oxydianiline ODA HzN-<Q}-O~NHz 
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Polyamic acid formation 
The main reaction pathway in the early stages of polyamic acid formation is the 
forward propagation reaction (equation 2.9) despite competition from the hydrolysis 
of the anhydride in the presence of water (equation 2.10). In the later stages, 
however, a drop in the diamine concentration may affect the relative kinetics of the 
two reactions in a way that any hydrolysis of the anhydride leading to the diacid can 
become significant and prevent further propagation from taking place [72]. 
--«0 (2.1 0) 
0 
Although the initial reduction in viscosity observed in PAA solutions can be partly due 
to hydrolysis, where the rate of degradation is linearly dependent on the 
concentration of water present in small amounts [75,76], it can also occur by chain 
length equilibration. This represents a more probable thermodynamically controlled 
molecular weight distribution [77] and results from the reversibility of the amic acid 
reaction [78,79]. Conclusions from the work of Walker [79] and Kreuz [78] were 
based on results from size exclusion chromatography, showing that the viscosity 
change stems from a reduction in the weight average molecular weight, Mw (which 
is largely influenced by the higher molecular weight fraction in polydisperse systems) 
but not in the number average molecular weight, Mn. In addition, it has been shown 
elsewhere [80] that the viscosity decrease in PAA solutions is exacerbated at high 
storage temperatures. 
Work carried out on solutions prepared from BTDA and ODPA dianhydrides and 
DABP and MDA diamines [76] (see Table 2.1) suggests that the presence of an 
electron donating group located between the phthalic acid groups of the PAA would 
improve its hydrolytic stability. Assuming the principal hydrolytic mechanism is based 
on the intramolecular displacement of the protonated amide by the carboxylate anion 
by internal proton transfer (equation 2.11, see below), a bridging group such as a 
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carbonyl would serve to stabilise the amic acid by decreasing the tendency of the 
free carboxylic acid group to. ionise. 
Indications from the same study and a study based on the PMDA-ODA system in 
DMAc [81] point to the fact that concentrated PAA solutions are more stable than 
dilute ones. A combination of a proportionally higher amount of moisture and a shift 
to the left of the monomer-polymer equilibrium in dilute solutions have been sited as 
possible explanations for the apparently higher stability of concentrated PAA 
solutions. 
--«0 
0 
~0. 
HO ~-©-­
H 
(2.11) 
With regards to the contribution of the reaction conditions towards the building up 
of molecular weigh~ during polymerisation, it is important to note that solvent purity 
(not only in terms of moisture) is essential, as amine impurities in polar aprotic amide 
solvents are capable of chain termination [82,83]. 
Thermal imidisation 
Mechanism 
Polyamic acids can be made to undergo imidisation by the application of heat. 
The reaction is a ring closure process where the o-carboxycarboxyamide group 
cyclises to form the imide function. Up to 150°C the process mainly involves the 
removal of solvent. Between this temperature and 250°C, however, is where a large 
part of imidisation occurs, with further solvent evaporation and molecular 
rearrangement taking place right up to the final treatment temperature, typically 
around 300°C [72]. 
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The 150-250°C region is deemed the most crucial in polyimide formation, as 
depolymerisation, operating in an identical fashion to PAA hydrolysis (equation 2.10), 
comes into play. The water taking part in this reaction is generated from the 
dehydration of the PAA. Therefore, the PAA experiences a decrease in molecular 
weight before it can recover it again on further heating. Young and eo-workers [84] 
have demonstrated this process in a fluorinated PAA by monitoring the appearance 
and disappearance of the anhydride group. lmidisation slows down dramatically as 
the temperature approaches 250°C, when the molecular weight has been recovered 
to some extent and most o-carboxycarboxyamide groups have been converted to 
imide. The system has very limited mobility as a result of a greatly increased skeletal 
rigidity and the absence of solvent, and the constantly increasing T8 finally reaches its 
maximum value when on further curing at a higher temperature the polymer vitrifies 
[72,81 ,85]. 
Kinetics 
In a number of investigations, thermal imidisation is reported as consisting of a 
fast initial and a subsequent slow stage. By using the infrared absorption band of the 
imide at 725 cm·1 to follow the isothermal cure of the PMDA-ODA system, Kreuz et 
al. [86] found both of these to be first order. 
Using alternative bands at 1380, 1780 and 1720 cm·1, Laius and eo-workers 
obtained activation energy values at different temperatures and were able to 
conclude that the rate decrease observed in the conversion of amic acid to imide 
was due to the involvement of acid and amide groups of lower reactivity [87]. They 
later proceeded to describe the amic acid with these groups as being one of two non-
equivalent kinetic states. They postulated the existence of two planar conformations 
of different barrier energies for cyclisation and that the transition from one into the 
other was the limiting factor in the overall kinetics of imidisation [88]. Under conditions 
of high system mobility, where the proportion of the imide is low and the amount of 
solvent is adequate to assist a favourable orientation of the amic acid, the transition 
into the more active state keeps the process rate high. Once into the glassy state, 
the transition rate drops dramatically and with it so does the process rate [87 ,88]. The 
kinetics of reformation after hydrolytic depolymerisation was also found to be 
important as evidence exists to suggest that it is lower than that of the main 
• I 
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cyclisation reaction, a fact that affects not only the slope of the cyclisation isotherm 
but also the molecular weight distribution of the system [88]. 
Tile role oftlte solvent 
An important aspect of imidisation is the control that the behaviour of the solvent 
has over the process, both mechanistically and kinetically. NMP, for instance, the 
most widely used solvent in PAAs, forms an unstable complex with PMDA-ODA at 
room temperature comprising 4 molecules per PAA repeat unit. During drying at 
80°C, films of the PAA lose roughly 50% of the solvent molecules per PAA repeat 
unit to form a more stable complex. Thereafter, with more heat applied, the rate of 
decomplexation of the solvent and its persistence in the transforming PAA matrix 
have a great deal of bearing on the extent of imidisation achieved [89,90]. 
Several authors agree that cyclisation will not begin before any solvent 
decomplexation [89,91]; and even then, only after the hydrogen bonds (which still 
exist after the decomplexation) are broken at suitably high temperatures will the 
reaction proceed [90]. The decomplexation of the solvent generally has two effects: 
Firstly, it lifts the immobilising effect imposed by the complex, thus allowing more 
flexing in the PAA [92] and secondly, the solvent becomes mobile and is free to 
plasticise the surrounding matrix [89,93]. 
Once cyclodehydration is under way, the water released helps to plasticise the 
matrix even further [92]. The overall effect decreases the lower-bound imidisation 
temperature [90] because the plasticiser enhances the conformational arrangement 
of the PAA moieties that imidisation, and the rate at which it proceeds, depend on. lt 
is also noted that the probability of imidisation increases in the presence of a solvent, 
such as NMP, which is capable of activating the carboxylic acid group of the PAA by 
hydrogen bonding. Despite hydrolysis, which accompanies the forward reaction, 
imidisation continues up to a certain concentration of solvent, below which it slows 
down considerably [93] and can only resume at a higher temperature until the glass 
transition is reached [94]. 
lt is worth noting that when the PAA is heated through a temperature ramp, the 
rate of volatilisation of the solvent by diffusion to the surface of the film is lower at 
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high heating rates with respect to decomplexation. Using dynamic mechanical 
thermal analysis (DMTA), Feger [92) concluded that this leads to solvent build-up in 
the PAA matrix which pushes the upper-bound imidisation temperature higher. A 
broader implication of this diffusion-controlled process [89) is that films of higher 
thickness (that would tend to retain solvent for longer periods in their matrix) are likely 
to attain more advanced states of imidisation [92,93]. 
Chemical imidisation 
The existence of a low temperature alternative process to thermal imidisation is 
also known [82]. Chemical reagents, often consisting of aliphatic carboxylic acid 
anhydrides and tertiary amines are used in place of high temperature curing to bring 
about a large proportion of the imidisation reaction by promoting ring closure through 
their dehydrating action [95). Typical examples of such materials include acetic 
anhydride with pyridine and trifluoroacetic anhydride with triethylamine [72,81 ,82]. 
This type of step in polyimide synthesis is termed chemical imidisation, although heat 
treatment at elevated temperatures is subsequently employed to complete the ring 
formation. 
Alternative synthetic routes 
Other synthetic routes, such as the use of alternative starting materials [73,82) (for 
example, diisocyanates replacing diamines) or derivatised PAAs also exist. 
The susceptibility of polyamic acids to hydrolytic decomposition is what initiated 
research into more stable systems. Preventing internal proton transfer in the PAA 
and formation of unstable intermediates (equation 2.11) was recognised as a 
successful way of discouraging reverse reactions into the monomers. Derivatisation 
of PAA precursors is a good means for achieving this, and methods of preparation of 
these systems generally fall into two categories: 
(a) Derivatisation of the carboxylic groups along the backbone of PAAs, by salt 
formation with secondary or tertiary amines [86) or ester formation by the reaction of 
alkyl halides (eg., allyl bromide CH2=CH-CHz-Br) with acid salts. In the latter case, 
the acid salt may be formed by reacting the PAA with a sodium salt (eg, NaH) or an 
ammonium salt (triethylamine, for instance) [72,96]. A tenfold increase in ring closure 
rates with PAA tertiary amine salts in place of free PAAs has been reported [86). 
-------------------------------------
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(b) Derivatisation of the dianhydride monomer and subsequent polymerisation: 
This approach is preferable, in order to avoid any uncertainty with regards to the 
degree of modification with increasing the polymer molecular weight, and to avoid the 
possibility of side reactions. Salt formation is possible in two ways: By reaction of the 
monomer with primary or secondary amines and subsequently with an aqueous acid 
to form the diamide diacid, or refluxing in excess 'low acidity' alcohol to form the 
diester diacid. Polymerisation by polycondensation reactions proceeds in the 
presence of a diamine, dissolved into a polar aprotic solvent, under low temperature 
conditions after activating the acid groups of the derivatised monomer with an 
activating agent [72]. 
b. Single-stage synthesis 
This one-step process involves reacting the dianhydride and diamine monomers 
at elevated temperatures in the presence of a high-boiling solvent. An azeotroping 
agent like toluene, that helps to remove the generated water, is also required in order 
to prevent reaction reversibility. Although the initial reactions between monomers are 
relatively slow, bypassing the intermediate formation of a polyamic acid familiar from 
the two-stage process allows subsequent imidisation reactions to take place very fast 
[82], and achieve high degrees of conversion [95]. lt is also noteworthy that 
crystallinity in polymers from this synthetic route is more probable, possibly owing to 
an enhanced solvation at elevated temperatures which leads to improved chain 
conformation, permitting close packing [81]. 
c. Structure-related properties of linear polyimides 
The molecular and aggregated structures of polyimides are responsible for many 
of their chemical and physical properties. Therefore, variables that affect them such 
as molecular weight, extent and method of imidisation, annealing, the nature of the 
end groups and residual moisture and solvent are important. 
Glass transition temperature 
The most influential of events determining the T8 of the final polymer, which in turn 
affects other physical properties, including mechanical and thermal, is the formation 
of charge transfer complexes (CTCs). Although the rigidity of the monomers and the 
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resultant chain contribute to the overall rigidity of the separate molecules, in bulk, 
CTCs hold adjacent chains parallel and, in doing so, they aid chains to attain close 
packing. This interference with free rotation of the chains becomes more pronounced 
with the strength of the CTC, which is determined by the potential for ionisation of the 
diamine and the electron affinity of the dianhydride [97]. The restraint imposed on the 
chains in states of aggregation that can be described as ordered phases has been 
unequivocally linked to the a-dispersions of dynamic mechanical spectra. The 
ordered phases are believed to act as physical cross-links in a glassy matrix, 
restricting chain motions and thus enhance T8-related properties such as elastic 
recovery and heat distortion temperature [98]. 
Diamines, being electron donors, increase the strength of a CTC in the presence 
of an electron-donating hinge group and decrease it in the presence of an electron-
accepting hinge group. Dianhydrides, on the other hand, can only decrease in 
electron affinity by the inclusion of any group between the anhydride moieties. 
Nevertheless, relative to the effect of an ether (-0-) linkage, the more moderate 
effect of a carbonyl (-CO-) linkage in the dianhydride is well known. A higher tensile 
modulus and a lower elongation-to-break have been associated with its presence 
[99]. 
Meta (as opposed to para) isomerism in polyimide chains has an even greater 
effect on the T8 and related properties than flexibilising segments. Although it confers 
no additional degree of freedom on the molecule, it interferes with chain packing by 
disturbing its linearity and so inhibits CTC formation [97 ,99]. 
lt is useful to note that a higher degree of molecular ordering is possible from 
imidisation at higher temperatures. Small angle x-ray scattering (SAXS) data by 
Kochi et al. [98], clearly indicate in PMDA-ODA film a shift from glassy structure to a 
gradually developing two-phase morphology with increasing imidisation temperature. 
Additionally, using fluorescence spectroscopy, Wachsman and Frank have found 
that with high temperature curing, PMDA-ODA undergoes conformational changes 
by rotation of the nitrogen-phenyl bond [1 00]. Such a short-range change causes the 
chain to adopt a eo-planar conformation and thus achieve an increase in molecular 
aggregation. 
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Thermomechanical properties 
Dimensional stability at elevated temperatures is a major area of interest in 
polyimides. Therefore, the parameters that influence the coefficient of thermal 
expansion (CTE) are of concern. 
The orientation of polyimide chains in films is largely a function of the backbone 
chemistry and the type of constraint (biaxial, for example) during drying and curing 
(101). Orientation is known to increase with the degree of order (which is affected by 
chain rigidity) and the imide content. lt is also affected by the proximity of the chains 
to the constraint: orientation in films is highest at the interface with the substrate, for 
instance. Conversely, it decreases with increasing film thickness [1 02]. Because the 
chain axes parallel to the plane of the film are aligned and the interatomic distances 
along these axes are far less dependent on temperature than the distance normal to 
the axes, the in-plane CTE is low, albeit at the expense of the out-of-plane CTE 
[101,103,104]. 
In investigations involving polyimide precursors with fluorinated linkages, Auman 
found that the in-plane CTE increased with the length of the perfluoroalkyl chain, 
regardless of its location in the repeat unit. This was attributed to the perturbation 
caused by the bulky groups to the orientation of the chains. He also found that films 
from pre-formed polyimides in solution, with higher initial orientation than the 
corresponding PAA precursors, yield lower CTE and higher modulus values [105]. 
lt is worth mentioning that thermal stress, arising by solvent evaporation during 
high temperature curing [106] is associated with the thermal expansion behaviour of 
films. lt is generated by the CTE mismatch ·existing between the film and the 
substrate [1 01] and it is further encouraged by the mismatch between their 
mechanical moduli and Poisson ratios [107]. Since backbone rigidity is instrumental 
in the development of the CTE, it is not surprising that it also affects the residual 
stress from curing. Pottiger et al. (101] explain this by reference to the term'¥ which 
determines the thermal stress in films cured on a substrate: 
'¥= Et (a! -as)=Eb.t.a (1-vf) 
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where v is the Poisson ratio, Eb is the biaxial modulus and l'ia is the difference 
between the CTEs of the film {f) and the substrate {s). Although the biaxial modulus is 
not significantly affected by orientation, the in-plane CTE of the film is quite sensitive 
to it. Hence, 'l' is not a constant, but decreases with increasing molecular orientation 
{and the corresponding decreases in l'ia} [101]. 
Diffusion properties 
Due to the detrimental effect of solvent and water uptake on the properties of 
polyimides, it is essential that sorption is kept to a minimum. Ree et al. found that the 
lower diffusion coefficient of water in the rigid BPDA-PDA relative to the more flexible 
PMDA-ODA is a result of the higher packing order and the higher degree of 
crystallinity of the former system. The packing order {and, consequently, the water 
uptake performance) of PMDA-ODA can be enhanced, however, by imidisation at 
higher temperatures. To some extent, the difference in water affinity of the 
monomeric units {PMDA > BPDA and ODA > PDA) may be responsible for the 
higher uptake in PMDA-ODA, but it is much less significant than structure ordering, 
as the absolute values of the water affinities of all the monomers are intrinsically very 
low [108]. 
Increasing the imide-imide intrachain distance, may reduce the dielectric constant 
and the water uptake of polyimides. Auman [105], for instance, reacting an extended 
rodlike diamine with several fluorinated dianhydrides obtained a good balance of 
diffusion and thermoxidative properties without adversely affecting the CTE. 
it has been suggested that the morphological differences existing among 
polyimides from different types of precursor {such as a PAA, a PAA salt and· a 
photopolymerisable precursor) may be responsible for the observed differences in 
the moisture uptake of. the cured polyimides [107]. Microvoids, for example, 
generated by outgassing the volatile ethyl or photosensitive groups found in the latter 
two precursors might be such morphological features. 
Swelling of polyimides in polar solvents is possible and it has been shown to 
increase with temperature. Moon and Lee [1 09] proposed that the swelling possibly 
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starts by complex formation at segments of uncured amic acid. Logically, it 
decreases with higher imide contents. 
Thermoxidative stability 
The presence of both ether and carbonyl groups in the structure of monomeric 
units has been suggeste<! by Tamai et al. as a reason for the good thermoxidative 
stability of a number of polyimides. Apart from the formation of CTCs, the 
simultaneous existence of an electron donor (-0-) and an electron acceptor (-CO-) 
renders the molecule "electrically balanced" [11 0]. Traditionally, however, the use of 
thermally stable linkage groups, such as hexafluoroisopropylidene, has been a 
mainstream approach for preparing polyimides for thermally demanding applications 
[1]. 
2.2.3 Addition Polyimides 
Addition polyimides are low molecular weight prepolymers, monomers, or mixtures 
of the two, that carry reactive end groups and imide functions on their backbone. In 
relation to condensation polyimides, an additional feature in their synthesis is the 
inclusion of a monofunctional endcapper in the reaction of the tetracarboxylic 
dianhydride and the diamine. During thermal or chemical curing, the functional group 
on the endcapper may undergo polymerisation, copolymerisation or crosslinking to 
produce higher structures [111]. 
These thermosetting polymers are classified according to the type of the 
endcapper used. These classes include bismaleimides (maleimide-terminated 
oligomers), PMR resins (norbornene-containing polyimides) and acetylene-
terminated imide oligomers. Possible structures of addition polyimides are shown in 
Figure 2.13. 
The primary use of addition polyimides is as matrix resins in high performance 
fibre-reinforced composites, owing to their processability being superior to that of 
condensation polyimides. They are designed for a variety of processing techniques, 
with their backbone chemistry and their molecular weight tailored to achieve the 
rheology and cure kinetics required by the different types of application. With the 
exception of PMR-concept resins, where the precursor is synthesised in situ during 
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processing, addition-type polyimide precursors are pre-imidised, and can, in principle, 
cure without producing volatiles [112], which are a major concern in the fabrication of 
porosity-free eo m posites. 
Ar= 
-<0)-o-<Q)-
-©- '©( 
CF3 CF~ /CF3 
'c/ I X= -c-
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Figure 2.13: A general chemical structure of addition polyimides [111] 
a. Acetylene-terminated imide oligomers 
Despite the obvious disadvantages with respect to thermoxidative stability in 
introducing aliphatic linkages within a cross-linked polyimide, the use of acetylene 
terminal groups is attractive because these groups allow homopolymerisation to 
proceed without the evolution of volatiles. Various precursors may be used in 
synthesising acetylene-terminated imide (ATI) resins, depending on characteristics 
such as the final T, achievable and -in the case of neat resins- the melting point 
[111,112]. 
Acetylene-terminated prepolymers such as Thermid 600 (currently marketed by 
National Starch and Chemical Co. as Thermid MC-600) from the reaction of BTDA 
with 1 ,3-bis(3-aminophenoxy)benzene and 3-ethynylaniline as endcapping agent, the 
first commercially available ATI resin, suffered from a high melting point (195-198°C) 
[113) that led to high cure rates during processing. This was due to a delayed 
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polymerisation which commenced after the resin reached the molten state and, as a 
result, proceeded very rapidly thereafter, allowing a very small processing window 
[114]. ATis with enhanced processing properties have since appeared in the form of 
oligomers with alternative dianhydride units. Thermid FA-700 resin, for instance, is 
synthesised with 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride and 
has a lower melting transition (160-180°C) and higher solubility in common solvents 
due to the presence of the C(CF3)2 linkage [112]. Improved processing has also 
been obtained by substitution of the terminal groups. Specifically, in place of 3-
ethynylaniline as endcapping agents (structure (a), in Figure 2.14 below), 3-
phenylethynylaniline and 3-(3-(phenyl-ethynyl) phenoxy)aniline have been reported as 
capable of raising the temperature for the onset of curing reactions [111]. 
(a) (b) (c) 
. 
Figure 2.14: Amine endeapping agents for acetylene-terminated imide oligomers: (a) 3-
ethynylaniline; (b) 3-phenylethynylaniline; (c) 3-(3-(phenylethynyl) phenoxy)aniline [111] 
Isoimide oligomers 
Considerable improvements in ATI flow characteristics were achieved with the 
synthesis of acetylene-terminated isoimide oligomers. The isomeric functionality is 
formed in high yield by chemical treatment of the polyamic acid with 
dicyclohexylcarbodiimide [111] and its use in the oligomer is attractive in that it 
affords higher solubility with a range of solvents and a much lower T8 than the 
corresponding imide [114,115]. The best known commercially available isoimide 
oligomer is Thermid IP-600 supplied by National Starch and Chemical Co., with a T8 
of ea 160•C and a degree of polymerisation (DP) of 1. lt is synthesised by the 
dicyclohexylcarbodiimide (DCC) dehydration of the acetylene-terminated amic acid 
oligomer [6]. Other products based on the same structure (the isomeric analogue of 
Thermid MC-600) With a higher DP and targeting applications such as films, coatings 
and autoclavable mouldings, where higher toughness and flexibility are desired, have 
also been reported [114,115]. 
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On curing, the isoimide undergoes isomerisation to the imide structure in the 
temperature range 160-230°C (equation 2.12) 
N-Ar 0 
~0 ~ ~N-Ar <2·12) 
0 0 
and crosslinking through the acetylene endcap between 180°C and in excess of 
300°C (equation 2.13) [116]. 
nH-C=C-R-G=C-H HEAT 
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I 
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c 
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C-H 
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(2.13) 
The two processes may be followed by infrared, by monitoring the isoimide C=O 
stretch intensity at 1808 cm-1 and the acetylenic C-H stretch intensity at 3288 cm-1 
[117,118]. The fact that the two processes overlap means that they influence each 
other's rates, since both result in a progressively more rigid environment. Thermid IP-
600 leads to increased gel times, and despite the initial flexibility of the system, 
following extended high temperature curing, the properties of the isomerised polymer 
are reportedly similar to those of the imide analogue [116-119]. 
2.3 ORGANIC-INORGANIC HYBRIDS 
The inefficiency of traditional methods of morphological modification through 
incorporation of fillers for the purpose of imparting properties of ceramics to organic 
polymers has been the main drive for the development of the new class of materials 
known as organic-inorganic hybrids. Intimate mixing of inorganic glasses (or 
ceramics) and organic polymers are the result of in-situ polymerisation of one or both 
components. A convenient chemical route for the preparation of the inorganic phase 
is the sol-gel method. 
• 
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2.3.1 PDMS-based systems 
Wilkes and eo-workers were among the first to report the synthesis of hybrids 
based on polydimethyl siloxane (PDMS) oligomers and silica from tetraethoxysilane 
(TEOS). The embedded inorganic phase conferred rigidity on these materials, with a 
corresponding decrease in ductility. The properties were found to be substantially 
influenced by the amount of acid catalyst added, leading to a better interspersion of 
the two phases according to evidence from small angle x-ray scattering. The effect 
was attributed to kinetic factors, as the tendency for self-condensation of the 
oligomeric species through their silanol functionalities is suppressed by eo-
condensation reactions, following the fast hydrolysis of TEOS [120]. Not surprisingly, 
the use of a larger amount of TEOS [120] and water, as well as additional thermal 
treatment [121], give rise to a more highly crosslinked silica structure, leading to an 
increase in dynamic modulus. The molecular weight of the oligomeric species was 
also found to be important insofar as it can influence the propensity of the 
condensing phases to segregate; logically, low molecular weight oligomers produce 
systems of a higher degree of homogeneity [120, 122]. Mark et al., utilising a similar 
system to that of Wilkes et al., where water for hydrolysis was generated in situ from 
the esterification reaction of acetic acid and ethanol, obtained similar results [123]. 
Using gel time as a guide to the behaviour of the PDMS-TEOS system and 
varying it as a function of water content, HCI content and temperature for a standard 
proportion of the two main components, Mackenzie et al. [ 124] explored the effects of 
the above parameters on the structure of the hybrid gels. Their results highlighted 
differences in the mechanism of gelation between the hybrids and pure acid-
catalysed TEOS, and also suggested that network connectivity, resulting from the 
competition between self- and eo-condensation of the two components, was a key 
factor in the development of the microstructure of the gel based on the PDMS-TEOS 
system. 
On the theme of homogeneity by virtue of the growth mechanisms and the 
resultant connectivity in hybrid systems, Assink and eo-workers [125] have 
demonstrated the influence of the strength of the catalyst in the reaction of silanol-
terminated PDMS with TEOS by using dibutyltin dilaurate (DBTDL) and tin octoate 
(TO) catalysts. The more reactive catalyst (TO) was found to affect growth in a way 
that gave rise to a more highly phase-separated microstructure featuring a larger 
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number of isolated Si02 domains. Their conclusions, obtained by varying the amount 
of TO in their formulations, can be correlated to those by Wilkes and his team [120) 
who used HCI instead. 
2.3.2 PTMO-based systems 
Hybrids utilising polytetramethylene oxide (PTMO) oligomers have also been 
synthesised. The main difference of the PTMO-TEOS system, investigated by Wilkes 
et al. [122), to the PDMS-based system is the inclusion of triethoxysilyl terminal 
groups in the oligomers which increase the amount of linkages formed between the 
elastomeric and the rigid siloxane phases. The final materials showed improved 
mechanical strength and strain-to-break. The same team have proposed a model 
based on SAXS data for the morphology of the hybrid from the PTMO-TEOS system 
which resembles that of a segmented copolymer, displaying discrete micro-domains. 
Furthertreatments [126), involving solubilisation and leaching-out of part of the silica 
from within hybrid films by exposure to 1M NaOH, caused. mobilisation of the 
oligomeric chains which led to more pronounced phase separation. These tests 
provided the evidence for the structure of the proposed model consisting of the 
encapsulation of the oligomer within the inorganic network. 
The use of an organic component of higher molecular weight than usual, in the 
form of PTMO-based polyurethane oligomers [127], provided additional proof of the 
efficiency of increased functionalisation on structure-related properties. Triethoxysilyl 
groups along the backbone chain of the PTMO chains led to an increase in the 
number of linkages between the oligomer chain and the siloxane network. The 
consequence of greater connectivity was an increase in Tg. with an associated 
increase in modulus· and strength and a respective decrease in strain-at-break. 
Furthermore, the observation of a decreased correlation (effectively, inter-domain) 
distance with higher average number of pendant triethoxysilyl groups on the PTMO 
backbone indicated a better compatibility between the organic and the inorganic 
phases. 
2.3.3 PMMA- and PVAc-based systems 
Transparent materials with improved environmental stability and hardness with 
crack-free expansion in the temperature range of -25 to 200°C have been prepared 
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by Klein et a/. [128] by impregnating a xerogel from the acid-catalysed reaction of 
TEOS with methyl methacrylate solution polymerised in situ under UV radiation. 
Using a different approach, Landry and Coltrain, produced hybrid films from direct 
addition of TEOS into PMMA in THF. The reduction in phase separation observed in 
acid-catalysed films cast at elevated temperatures was attributed to the high number 
of well-dispersed small particles resulting from gelation caused by rapid solvent 
evaporation, itself leading to the arrest of growth and aggregation. Small particles 
interacting with organic chains more efficiently, produce a higher concentration of 
adhesion points within the polymer matrix [129]. Also, at low pH, the kinetics of 
condensation of TEOS cause the formation of abundant 0 2 and 0 3 species 
(containing 2 and 3 Si-0 linkages, respectively) [130] which carry hydroxyl groups 
that can form H-bonds with pendant carbonyl groups from the PMMA. In contrast, 
this type of linkage does not occur on the surface of base-catalysed siloxane since 
under such conditions the siloxane possesses sufficient ionic charge to· inhibit the 
aforementioned reactions [129,130]. The enhanced homogeneity of acid-catalysed 
films cast at sub-ambient temperatures (i.e., in the absence of fast solvent 
evaporation) has been attributed to the formation of particles made up of ramified 
siloxane networks which entrap PMMA chains during the drying process, thus 
increasing the intimacy between the phases. 
Reporting on the PVAc-TEOS system, Fitzgerald et al. [131] found the H-bonding 
between silanol and pendant carbonyl groups formed before gelation was 
responsible for the prevention of macroscopic phase separation. lt is possible that 
with curing, these bonds disappear due to condensation of the residual silanols, 
though the morphology is said to be preserved as a result of the entrapment of 
polymeric chains within the in situ generated siloxane network. In fact, subsequent 
investigations [132] revealed that owing to a more intimate mixing, sot-gel derived 
siloxane affords better mechanical performance (increased modulus) than colloidal 
silica, especially at elevated temperatures. 
The study of a similar system investigated by Silveira et al., in which the relative 
amount and the molecular weight of PMMA was varied [133], revealed that the timing 
between a thermodynamically driven demixing process and gelation is a factor that 
controls the morphology of the different compositions. lt transpires that phase 
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separation may arise as nucleation and growth or as spinodal decomposition. A low 
initial viscosity (in the case of low PMMA content and/or molecular weight) 
encourages nucleation and growth, whereas high initial viscosity encourages 
spinodal decomposition. The extent of demixing, that determines morphology, is 
dependent on the rate of formation of the siloxane network, which -if fast enough-
can arrest cluster growth or prevent it altogether. Coarsening of the domains is 
possible, nevertheless, during solvent evaporation, when the intramolecular bonding 
taking place reduces the miscibility of the siloxane particles with themselves and the 
surrounding polymer matrix. 
An improvement in compatibility over conventional PMMA-TEOS hybrids was 
recently reported by Huang and Qiu [134) who introduced covalent bonds between 
the organic and the inorganic phases via trialkoxysilyl functionalities on the PMMA by 
copolymerisation with r-methacryloxypropyltrimethoxysilane. 
2.3.4. Polyimide-based systems 
Wrth many aromatic polyimides having rod-like or near rod-like chain 
conformations, the resultant high degrees of molecular packing give rise to desirable 
properties, such as low coefficients of thermal expansion and high mechanical 
strength [135, 136). Since the incorporation of a eo-continuous inorganic phase would 
reduce the low CTEs even further, the choice of polyimides as the organic 
component is most appropriate for the production of hybrids aimed at bridging the 
property gap between polymers and ceramics. it has been envisaged that these 
materials would be particularly useful as interlayers in applications requiring minimal 
mismatch in thermal expansion between inorganic and organic phase [137] as, for 
instance, in devices for microelectronics and in matrices for composite materials. 
One of the initial reports concerning the synthesis of polyimide-metal oxide hybrids 
was by Nandi and eo-workers [138). Using PMDA-ODA and BTDA-ODA polyamic 
acids as polyimide precursors, and mixing them with tetraethoxysilane and tetraethyl 
orthotitanate respectively, they obtained homogeneous nano-sized dispersions of 
titania and silica within the polyimide. They postulated that the carboxylic groups of 
the polyamic acid act as coupling sites between the polymer and the metal oxide and 
that the water released during the condensation reaction of the polyamic acid into the 
polyimide takes part in the hydrolysis and polycondensation of the metal oxide 
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precursors. The "site isolation" concept was introduced to explain how the loss of 
mobility within the polyamic acid matrix, during imidisation, prevents agglomeration of 
the evolving metal oxide particles. 
Studying a system where the Si02 particles were generated by reaction of TMOS 
within PMDA-ODA, Goizet et al. concluded that the size of those particles (and, 
therefore, transparency) is a function of the concentration of TMOS [139]. The effect 
of this parameter was found to be reduced by evaporation if the water added to the 
precursor is not in stoichiometric proportion. The hydrolysis and condensation of 
TMOS were also found to be restricted by the low diffusivity of the added water as a 
result of the high viscosity of the system. Nonetheless, the study also indicates that 
the water released from the conversion of polyamic acid into polyimide takes part in 
the hydrolysis of TMOS, not only enhancing the reactivity of TMOS, but also enabling 
it to act as a drying agent for the system. 
Studies involving a polyamic acid (Uitradel1414) and TEOS by Johnen et al. [140] 
showed how the moisture uptake of the finely phase-separated hybrid system 
decreases in comparison to both of the precursors. The coefficient of thermal 
expansion and the thermoxidative degradation were also found to decrease with 
respect to the pristine polymer resin. Morikawa et al. [141] found that the 
decomposition temperature and the modulus of PMDA-ODA/Si02 hybrids increase, 
whilst the tensile strength and elongation at break decrease with increasing Si02 
content. 
Morikawa and eo-workers studied polyimide-based hybrid systems where 
connective sites between the phases were deliberately introduced via pendant salt 
groups attached to the polyamic acid. Early work [142] showed that whilst PMDA-
ODA in the free acid form produces hybrid films with TEOS of relatively high 
heterogeneity, the phase separation observed decreased with increasing the content 
of ethoxysilyl groups included in a number of PAA molecules. These groups provided 
connectivity between the polyimide matrix and the siloxane particles, that in turn lead 
to improvements in dynamic mechanical properties. 
A subsequent study [143] investigated the preparation of hybrid films by mixing a 
PMDA-ODA solution in DMAc and a triethylamine salt of the same polyamic acid in 
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methanol with different proportions of methyltriethoxysilane and dimethyldiethoxy-
silane. The films cast from the DMAc solutions featured coarser morphologies than 
those from the methanol solutions, as a result of more extensive aggregation of the 
polysiloxane products due to their inadequate solubility in DMAc. The mechanical 
properties of the films from the methanol method (especially tensile strength and 
elongation at break) were superior to those of the DMAc method, not only because of 
the higher structural homogeneity of the former but also due to the higher degree of 
polymerisation attained in the siloxane. The modulus of the films, regardless of the 
preparation method, invariably decreased with increase in the dimethyldiethoxysilane 
content because of the elastomeric character imparted on the polysiloxane 
component. Furthermore, in parallel work, where the silicate precursor was TMOS 
[144], it was pointed out that spinodal decomposition was responsible for the 
interconnected globular structure observed in the polyamic acid salt-containing 
system, and that the size of the globules could be controlled by the drying 
temperature; the "expanded" (or more finely dispersed) siloxane resulting from lower 
temperature drying lead to improvements in dynamic properties. · 
More recently, Kakimoto and eo-workers [145] synthesised polyamic acid salts 
from diethoxycarboxyl terephthalic acid and various combinations of an aliphatic and 
a disiloxane diamine. Hybrid powders, produced with TMOS, were polymerised under 
high compaction pressure (where, presumably, TMOS hydrolysates have a higher 
possibility of forming interfacial bonds with the polyimide backbone). The enhanced 
phase interaction and compatibility of polyimide hybrids containing siloxane 
segments was confirmed by SEM, showing a higher microstructural homogeneity in 
these samples. 
Many studies recently have shown that compatibility in organic-inorganic hybrids 
can be improved by the introduction of coupling agents that act as bonding sites 
between the organic-inorganic phases. Mascia and Kioul used r-glycidyloxypropyl-
trimethoxysilane (GOTMS) in their work with polyamic acid solutions in NMP and 
hydrolysed solutions of TEOS. Transparency in films cast from solutions with 
sufficient amounts of GOTMS was found to be a function of mixing time at the 
elevated temperature employed [146]. The authors attributed the transition of the 
films from a cloudy to a transparent appearance to compatibilisation of the polymer 
and the developing siloxane by trimethoxyl functionalities grafted to the polyamic acid 
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backbone by the coupling agent through the carboxylic acid groups present. These 
functionalities were expected to subsequently take part in the formation of the 
inorganic network. Further, it was estimated that the coupling agent was responsible 
for retarding the phase separation during solvent evaporation by reducing the 
amount of solvent necessary to maintain phase homogeneity and by raising the 
viscosity of the solution through homopolymerisation of the GOTMS and reactions 
with the polyamic acid and TEOS [147,148]. The storage modulus and the T8 of 
compatibilised hybrids were improved with respect to non-compatibilised formulations 
and the pure resin, and showed further increase with Si02 content. Based on 
examination of tan 8 peaks, it was suggested that to account for the non-linear 
decrease in tan c5values in the compatibilised hybrid films, polyimide chains must be 
entrapped within the Si02 network. 
The tensile strength of the films produced from the compatibilised mixtures was 
found to increase with the concentration of Si02 up to about 25 wt%. Above this 
concentration the notch sensitivity of the polyimide assumed a dominant role and 
caused a reduction in strength. The elongation at break and coefficient of thermal 
expansion for these materials dropped dramatically with Si02 content in all cases, 
especially as the morphology converted from particulate to eo-continuous. The 
addition of dimethyl ethoxy silane (DMES) in small amounts to compatibilised films 
brought about improvements in elongation at break and, as a result, helped to 
recover some of the lost ductility. This was thought to be due to partial substitution of 
the silica precursor with DMES re-establishing a particulate morphology. When used 
in large amounts, DMES lead to a deterioration of mechanical properties and of 
thermomechanical behaviour, because of the extensive reduction in solubility of the 
siloxane network in the polymer matrix [146,147]. 
Mark and eo-workers have also reported work where a coupling agent was used 
to increase compatibility in PMDA-ODA/Si02 hybrids [149, 150]. Aminophenyltri-
methoxysilane premixed with the polyamic acid and later added to TMOS produced 
smaller Si02 clusters of better size distribution, possessing physical bonds with the 
surrounding matrix. These hybrids had reportedly displayed improved mechanical 
behaviour. Parallel work of the same group, where the coupling agent was premixed 
with the TMOS solution, showed the potential for better transparency and higher 
thermal stability in films. lt was postulated that the improvements in properties seen 
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by the addition of aminophenyltrimethoxysilane were due to the improved 
compatibility of the polyimide and the siloxane arising from interconnectivity through 
amino groups from the coupling agent (present on the siloxane clusters) and the 
large surface area created by the small size of the clusters [151]. 
Ober and Johnen have also produced transparent hybrid films by incorporation of 
a bonding site [152] via a preliminary grafting reaction of the polyamic acid with r-
aminopropyltrimethoxysilane and via the incorporation of a PDMS segment whose 
scission by the reaction with water allowed attachment to the PMDA/ODA polyamic 
acid backbone. In their studies of hybrid systems which make use of a coupling 
agent, Schrotter et al. synthesised polyamic acid in which the aromatic diamine was 
replaced by r-aminopropyltrimethoxysilane (APrTMOS), previously only used as 
additive [153). Comparing the hybrids of the PMDA-ODA and PMDA-APrTMOS 
polyamic acids, their observations regarding morphology and chemical bonding are 
in line with other authors'. NMR data also indicated that the hydrolysis and 
condensation reactions of the APrTMOS precursor in the presence of TMOS were 
accelerated. This formed part of the explanation for the finer distribution of the 
siloxane component in the films produced with PMDA-APrTMOS polyamic acid. In 
addition, stoichiometry in the water:TMOS ratio was found to be significant inasmuch 
as it affects the hydrolysis of the silicate precursor which, if incomplete, allows part of 
the precursor to volatilise during elevated temperature processing: 
Further work with a variety of other amine coupling agents, showed that although 
there are enhancements in the thermal degradation performance due to the 
presence of siloxane in all hybrids, there is a varied network density in the hybrids, 
which range from linear chain materials to highly crosslinked, according to the amine 
precursor used. lt , is noted that diaminophenyltetramethyldisiloxane and 
diaminopropyltetramethyldisiloxane gave linear materials because of the absence of 
alkoxyl functionalities. The methyl groups were found to impart hydrophobic 
properties on the final materials [154]. 
2.3.5 Phase Separation In Polymer Solutions 
lt is appropriate to consider the mode of phase separation in organic-inorganic 
hybrids, since it directly affects the morphology and related properties of the final 
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product. lt has often been suggested that phase separation in hybrids takes place via 
the spinodal decomposition route [133, 134,144, 147]. 
In contrast to the two-phase irregular structure which results from the demixing of 
immiscible polymers, where one is dispersed as particles in the matrix of the other, a 
more regular structure is produced from a partially miscible system. The schematic in 
Figure 2.15 represents a UCST (upper critical solution temperature)-type phase 
diagram. The solid curve is known as the binodal and it denotes the boundary 
between the thermodynamically stable, homogeneous, single-phase region from the 
two-phase region. The dashed curve is known as the spinodal and it separates the 
unstable from the metastable phase-separated region. In the diagram, two-phase 
morphologies result by thrusting the solution from the single phase region into the 
two-phase region by a quench equal to a temperature drop of To-T. The solution 
demixes, separating into two distinct equilibrium phases of composition ,P and ,P'. In 
quench iii, into the metastable region, a mechanism known as nucleation and growth 
(NG) is in operation, whereby isolated particles possessing the equilibrium 
compositions appear spontaneously and grow to yield an irregular two-phase 
structure. 
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Figure 2.15: Schematic phase diagram of a polymer solution 
In quenches i and ii, on the other hand, phase separation proceeds by spinodal 
decomposition. Initially, regularly phase-separated structures are formed that display 
a sinusoidal-type fluctuation in composition, with a periodic distance (wavelength) Am 
(see Figure 2.16). 
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Figure 2.16: A eo-continuous structure produced by spinodal decomposition showing a 
concentration fluctuation along the unit cell [155]. 
The magnitude of A,. is inversely proportional to the quench depth (the 
temperature difference defined by Tc-T). In time, the amplitude and wavelength of the 
variation increase to reach equilibrium values, leading to coarsening in the process 
[156]. As a result, the initial eo-continuity might be lost in favour of a particulate 
structure. On the other hand, a eo-continuous structure has been known to persist in 
some polymer blend systems with initial critical compositions (i.e., t/Jc) [157]. 
Generally, eo-continuity may also be preserved by rapid cooling, which "freezes' 
morphological features before the formation of macroscopic domains occurs (during 
the late stages of the demixing process) [158]. 
In addition to UCST systems, LCST (lower critical solution temperature) systems 
also exist, where the transition curves in the phase diagram concave upwards. 
Phase separation in such systems occurs by a temperature jump into the two-phase 
region by heating rather than quenching. 
Whilst thermally-induced mechanisms are common for melt-blended preformed 
polymers, phase separation can also take place by reaction-induced mechanisms. 
These occur in systems where phase separation is driven by the synthetic reactions 
taking place in at least one of the components. Examples include epoxy/polyether-
sulphone (thermoset/thermoplastic), epoxy/carboxyl-terminated butadiene-acrylo-
nitrile copolymer (thermoset/elastomer), poly(ethylene-co-vinyl acetate)/methyl 
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methacrylate (thermoplastic/thermoplastic), and polyimide/sol-gel Si02 (organiC-
inorganic hybrids) [155]. 
The driving force for phase separation arises above a certain threshold molecular 
weight limit, due to the loss of compatibility (and mixing entropy) between the 
constituent components. Although the process proceeds isothermally, the quench 
depth increases with molecular weight as a result of a progressive shift of the 
binodal. In conjunction with Figure 2.17, it may be said that successive thrusts into 
deeper quench depths create shorter-wavelength compositional fluctuations which 
become superimposed with earlier longer-wavelength ones, and give rise to 
increasingly finer dispersed phases. 
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Figure 2.17: Shift of the binodal with polymerisation of silica in a pseudo two-component 
phase diagram. The system is based on a sol-gel solution of TMOS and poly(sodium 
styrenesulphonate). The symbol "s" designates the starting composition and the numbers (1 )-
(3) stand for the progressive stages in polymerisation [157). 
The size of fluctuations is strongly influenced not only by the molecular weight of 
one or more of the components in the polymerising system (for example, silica in a 
sol-gel derived hybrid) which determines the "chemical quench" depth [157] but also 
by the rate of reaction, which determines the quench rate [155]. Equally, the quench 
rate may prove to be decisive on whether the NG or the SD mechanism take place; 
NG, for instance, is normally very slow and is favoured by conditions which cause the 
quench rate to be low [157]. 
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Finally, it is often the case that coarsening in reaction-induced phase separation is 
arrested by chemical means. These may take the form of a severe reduction in 
mobility, for instance due to rapid crosslinking or gelation [155,157]. 
---------------------------·- -
CHAPTER3 
EXPERIMENTAL 
3.1 MATERIALS 
The precursors for the organic component were respectively Skybond 703 
(Monsanto), a low molecular weight polyamic acid available as a 50.22 wt% solution 
in a mixture of N-methyl-2-pyrrolidone (NMP) and xylene, and a solid isoimide 
oligomer, Thermid IP-600 (National Starch). The structure of these materials is 
shown in Table 3.1. 
Tetraethoxysilane (TEOS), 98% pure, r-glycidyloxypropyltrimethoxysilane, 97% 
pure, and N,N-dimethyl formamide (DMF) analytical grade were obtained from Acros. 
HPLC-grade Ethanol (EtOH), N-methyl-2-pyrrolidone, r-mercaptopropyltrimethoxy-
silane, nitric acid (65%) and hydrochloric acid · (35%) were obtained from Fluka. 
Glycidyloxy p-tertbutyl phenol (Ravepoxm) was obtained from Witco. r-methacryloxy-
propyltrimethoxysilane was obtained from Huls Troisdorf. Distilled water was used to 
reduce the concentrations of the acid solutions to 2% for HCI and 1% for HN03, and 
to induce hydrolysis in the alkoxysilane components. The molecular structure of the 
organofunctional trialkoxylsilane coupling agents and Ravepox is also shown in Table 
3.1. 
For the purpose of fibre reinforcement in composites, epoxy-sized carbon fibres 
supplied by Tenax Fibres GmbH under the trade name TENAX HTA 5131, were 
used. The yarn is made up of 3000 filaments, 7 ,urn in diameter, and possesses a 
typical density of 1.77 g cm-3. The tensile modulus quoted for this product is 238 GPa 
and the tensile strength is 3.95 GPa. 
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Table3.1 
List of coupling agents and analogues, polyimide precursors and their molecular structure 
Chemical name 
COUPLING AGENTS 
rglycidyloxypropyltrimethoxysilane 
rmercaptopropyltrimethoxysilane . 
rmethacryloxypropyltrimethoxysilane 
Glycidyloxy p-tertbutyl phenol 
No coupling agent 
POL YIMIDE PRECURSORS 
Benzophenone tetracarboxylic 
dianhydride- methylene dianiline 
lsoimide oligomer 
Code Abbreviation I 
Trade name 
G 
M 
MA 
R 
0 
s 
T 
GOTMS 
MPTMS 
MAPTMS 
RAV 
(Ravepox) 
none 
BTDA-MDA 
(Skybond 703) 
Therm id 
IP-600 
Structure 
0 0 H-<:=cyyN~~Nyyoyyoyy~g~~c=c-H 
v oy..J ~o v v v 00-} V....0 U 
0 0 0 0 
-
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3.1.1 Preparation Of Alkoxysilane Solutions 
TEOS was used as the source of silicate and either DMF or EtOH were used as 
solvents in combination with water. The amounts of solvent and water expressed as 
molar ratios with respect to TEOS were 1.13 and 3.12, respectively. The latter figure 
takes into account the quantity of water already present in the acid catalyst solution. 
Coupling agent was added in varying amounts. All the ingredients were added to a 
sealed cylindrical glass flask and stirred with a magnetic device until the initially 
cloudy mixture became a transparent solution. 
The pH of the standard solutions (those containing GOTMS and MPTMS in molar 
ratios equal to 0.12 and 0.16 respectively) was adjusted to the value of 2, i.e. the pH 
value corresponding to the isoelectric point of Si02. Unless indicated, it is to be 
assumed that no adjustment was made to the pH in solutions containing non-
standard amounts of coupling agent. The reaction temperature used to mature and 
effect gelation of these solutions was 60°C. 
Hydrolysed solutions of coupling agents for use in binary mixtures with polyimide 
precursors were prepared in the same way as the alkoxysilane solutions described 
above, with EtOH acting as the solvent between the coupling agent and water. The 
dosages were kept the same, except in the case of TEOS -which was omitted- and 
water -which was added in amounts intended to maintain the molar ratio of 
water:trialkoxysilane portion of coupling agent at a value of 2.38. 
3.1.2 Preparation of Hybrid and Binary Mixtures 
Hydrolysed sol-gel solutions were added dropwise to solutions of the polyimide 
precursor and were stirred at ao•c ( 1 0 minutes for Skybond-based systems, 15 
minutes for Therrnid-based systems). No attempt was made to re-adjust the pH of 
the mixtures to a particular value. The concentration of the Thermid solution was set 
at 33.3% by weight. The temperature used for gelation of the hybrid mixtures was 
60°C. 
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3.1.3 Nomenclature 
For easy reference, alkoxysilane solutions were assigned identification codes 
based on the combination of solvent and acid catalyst (A-D) and the nature and 
molar ratio of coupling agent used in each formulation, for instance "A(G0.12)". Table 
3.2 lists the solvent-catalyst combinations. The codes assigned to coupling agents 
appear in Table 3.1. In the case of hybrids, an extra term designating the polyimide 
precursor added, "S" for Skybond or 'T' for Thermid, precedes the corresponding 
alkoxysilane solution code, as in "S/A(G0.12)". Standard hybrid mixtures were 
formulated so that the weight ratio of the polyimide precursor to TEOS equals 1. 
Where the nature of the investigation requires that this ratio deviate from the value of 
1, this is clearly indicated. 
Table 3.2 
Solvent-catalyst combinations in alkoxysilane solutions 
Alkoxysilane 
solution 
A 
8 
c 
D 
Solvent-catalyst combination 
Solvent Catalyst 
EtOH 
EtOH 
DMF 
DMF 
HCI 
HN03 
HCI 
HN03 
Binary mixtures were formulated to contain the same amount of coupling agent as 
the corresponding hybrid mixtures, albeit without TEOS. Therefore, the identification 
code refers solely to the type of polyimide precursor (S or T) and the concentration of 
coupling agent, for example: "S+(G0.12)". 
3.2 VISUAL DETERMINATION OF GEL TIME 
For practical reasons, the gel time for a number of both alkoxysilane and hybrid 
solutions was determined from visual observations. The method involved periodical 
shaking of the solutions to assess their level of fluidity. The final gel time was defined 
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as the time when the medium did not flow, over a one-minute period, upon tilting of 
the vessel. 
3.3 VISCOMETRY OF ALKOXYSILANE SOLUTIONS 
3.3.1 Steady Shear Viscometry 
The apparent viscosity of alkoxysilane solutions at various stages of maturation at 
60°C was obtained by the use of the HAAKE CV20 cone-and-plate viscometer in 
(manual) steady shear mode. This type of viscometer consists of a conical-shaped 
probe over a plate, with an amount of polymeric solution or melt placed in the gap in 
between (see schematic, Figure 3.1 ). Steady shearing achieved by the relative 
rotation of the two components causes laminar flow of the sample. The shear rate, 
across the cone/plate gap is approximately constant if the gap angle is small, i.e., 
less than 1 oo. If the velocity at radius r is m, then the shear rate is given by 
. m n 
r=-=-
h 8 
where (}is the gap angle in radians and h is the gap separation at radius r from the 
apex of the cone. Hence, the shear stress, r is also constant across the gap and 
independent of rand it can be written as 
3T 
•=--2trR3 
where T is the total torque developed and R is the radius of the sample. Integrating 
the pressure exerted by the fluid, which varies from zero at the apex, to a maximum 
at the edge of the cone, one obtains the total vertical thrust on the cone and the 
plate. Together with torque, the two quantities can be measured directly by the 
viscometer's instrumentation, at different angular velocities, to calculate a number of 
rheological parameters. 
The maturation of the alkoxysilane solutions was carried out in closed flasks, and 
samples were extracted at predetermined intervals from the same vessel. The 
measurement of viscosity was carried out at room temperature. 
Chapter 3: Experimental 67 
The shear rate was increased stepwise with changes in the rotational speed of the 
plate. The pre-set speed steps result in the following shear rate values: 3.3, 5.1, 8.4, 
14.1, 23.1, 38.7, 64.5, 107.7, 180.0 and 300.0 s·1. The viscoelastic response of the 
sols (and ultimately, the gels) took the form of a force reading on an LED display 
which was converted to shear stress by applying to it a cone-specific conversion 
factor of 17.4. 
R 
' C::l~ Plate 
Figure 3.1: Schematic diagram of a cone and plate viscometer 
Apparent viscosity values for each run during the maturation of the liquid sample 
were calculated using the formula 
T 
1Jap =-;-
r 
(3.1) 
where l]ap = apparent shear viscosity, T = shear stress and r = shear rate. They were 
subsequently plotted against the corresponding shear rate values to obtain 1]-r 
curves which served to confirm the characteristic behaviour of the solutions with 
increase in the extent of maturation: namely near-Newtonian at the early stages 
(curve (a) in the schematic in Figure 3.2), and pseudoplastic closer to the gel point 
(curves (b) and (c)). This rheological investigation was, however, limited to the above 
observations. The viscosity for each run was extrapolated to y = 0 and plotted 
against the corresponding period of maturation to yield plots of shear viscosity 
against time. The gel time for each solution was arbitrarily taken at the point where 
the rate of change of viscosity was equal to 1, i.e. at d!]ldt = 1. 
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c 
b 
Figure 3.2: Schematic plot of the variations shear viscosity with shear rate at different stages 
of the maturation of alkoxysilane solutions. (a) Early stages of maturation, (b) approaching 
gelation, (c) near to gelation. 
3.3.2 Dynamic Viscometry 
In dynamic flow situations, the parameters shear stress, T, shear strain, y, and 
strain rate, r . vary cyclically with time, hence they are described by sinusoidal 
functions. Physical models show that for a shear strain r = sin mt • T and r in a 
Newtonian fluid are in phase: 
T =To sin(wt-~) and r = ro sin(mt- ~) 
where w = angular velocity (= 27ff, f = frequency in Hz) and t = time, whilst in a 
ViSCOeJastiC fluid thiS relationship Changes to One Where y Jags T by a phase angle 8: 
T = TQ sin(WI- 0) but y = YO sinmt 
This Jag is a result of molecular rearrangements and is associated with relaxation 
phenomena. The relationship between rand r in Newtonian fluids, viscoelastic fluids 
and in elastic solids is represented schematically in Figure 3.3. As shown below, in 
complex notation the shear stress and the shear strain can be resolved into in-phase 
and out-of-phase components: 
T*= T'+iT"= To[cos(a.>l + 0) +isin(mt + 0)] = TQ expi(ml + 0) 
r• = r'+ir"= ro(coswt + i sinmt) = ro expi(mt) 
So, dividing equation (3.2) by (3.3) one obtains 
r* T0expi(mt + ~ To . To . . . G*=-= VJ -expzb"=-(cosb"+zsmb")=G'+IG" 
r • roexpi(mt) ro ro 
where the real (in-phase) modulus component is 
(3.2) 
(3.3) 
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Ftfm· 
0' 90' 180' 270' 360' 450' 
Figure 3.3: Schematic plot of the variation of the functions of dynamic stress, r, of (a) a 
viscous fluid, (b) a viscoelastic fluid and (c) an elastic solid with respect to a dynamic strain, y. 
G'= '~"o coso 
ro 
and the imaginary (out of phase) modulus component is 
Therefore, complex viscosity can be derived as follows: 
Given 
then 
T* G*y* TJ* - - -=--.!__ 
r* r* 
r = icvyo exp(iOJI) = icvy 
G*y* G* G'+G" G" iG' TJ*=--=-=--=--
icvy * iw iw 
Since the complex term is of the form 
equation (3.6) can be re-written as 
q* = q'-i r]" 
G' TJ*= TJ'-i-
(j) 
(j) (j) 
(3.4) 
(3.5) 
(3.6) 
(3.7) 
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An implication of equation (3.7) is that Newtonian liquids which are devoid of 
elastic characteristics (i.e., where G' = 0) are entirely viscous. Conversely, in 
solutions prone to shifting from entirely viscous to viscoelastic as a result of a change 
in molecular structure, as in the case of alkoxysilane solutions during thermal 
treatment, the emergence and effect of G' become progressively more dominant. 
To determine the dynamic viscosity of the various alkoxysilane solutions studied, 
each solution was divided immediately after preparation into 3.9 ml vials, which were 
filled completely and were subsequently hermetically sealed. These vials were placed 
in an oven at so•c and were removed one at a time at regular intervals, and tested 
at room temperature with a HAAKE CV20 cone-and-plate viscometer in dynamic 
mode. 
The data were collected in time sweeps of 10 steps, each sweep lasting 
altogether 120 seconds. Preliminary tasks in setting up the dynamic viscosity 
experiments involved strain amplitude sweeps at different frequencies to determine 
the optimum windows where non-linear viscoelasticity effects are minimum and 
would not adversely affect the experimental results. The linear viscoelastic range is 
limited to the strain amplitude range for which G* is constant. Based on the results of 
these tests, it was decided to fix the sensor frequency at 4.63 Hz and the strain at 
5%. The readings from each time sweep were averaged and used as single points to 
construct plots of Dynamic Property against Reaction Time. The gel point was 
determined as the time at the intersection of the storage G', and the loss, G", 
modulus curves. 
3.4 MONITORING OF CHANGES IN pH AT so•c 
Small amounts of solution, approximately 10 ml in volume within a sealed 
container, were placed in a pre-heated paraffin bath inside an oven at so•c. They 
were removed from the oven periodically for a brief period and rapidly brought below 
room temperature (to approximately s•C) by cooling in an ice-water bath to measure 
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the pH. A Pye Unicam PW 9418 was used to measure the pH of the alkoxysilane 
solutions and a WPA CD 660 Digital pH meter was used for the hybrid solutions. 
3.5 INFRARED SPECTROSCOPY 
Infrared spectroscopy is a powerful characterisation technique that is used 
extensively in the field of polymers. lt is based on the absorption of radiation by 
molecular groups when they undergo transitions between quantum states 
corresponding to two different internal energies. The molecular excitation resulting 
from infrared radiation, typically in the wavelength range of 2.5 - 50 ,urn [159], takes 
the form of deformation (stretching, bending) and vibration of bonds. 
Identification of materials by infrared spectroscopy has become routine, as it is 
possible to assign specific absorptions to particular groups. The advent of Fourier 
Transform methods has meant that modem IR equipment is able to obtain quickly a 
spectral scan from a single excitation. Done repeatedly, the scans can be averaged 
to produce an accurate spectrum of the sample. Infrared frequency is most 
commonly measured in wave numbers, the reciprocal of wavelength in centimetres. 
Infrared experiments for this study were carried out on a Unicam, model Mattson 
3000 FTIR spectrometer. Using a single beam spectrum in transmittance mode, the 
instrument performed 64 scans at 4 cm·1 resolution. The mode of the obtained 
spectra was subsequently converted to absorbance. 
The preparation of samples for IR involved the following steps: Liquid samples 
were cast between KBr plates firmly pressed together and placed inside a Specac 
20.100 temperature controller. A heating ramp of 4 K min·1 was applied uniformly 
from 60°C to 150°C. The temperature was monitored by means of a Comark digital 
thermometer 5000 with the probe touching part of the sample. During isothermals, 
the sensitivity of the heater was typically ±2 K. The curing step requiring heating from 
150°C to 300°C was performed in a Carbolitem oven equipped with a EurothermTM 
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controller-programmer type 821. The heating rate imposed by the oven was ea 28 K 
min-1• 
3.6 DIFFERENTIAL THERMAL ANALYSIS 
A TA Instruments Thermal Analyst 2000 Differential Scanning Calorimeter was 
used in order to investigate heat flow changes in hybrid and polyimide samples 
during heating through a temperature range of interest, typically from 30°C to 350°C, 
under a N2 atmosphere at a heating rate of 20 K min-1• 
The instrument, which in fact operates in the same way as a differential thermal 
analyser(DTA), heats the sample and an inert reference substance at the same rate, 
and measures the temperature difference between them. Finite differences in 
temperature occur during endothermic or exothermic activity in the sample, or when 
the heat capacity of the sample changes abruptly. Instead of plotting temperature 
difference, tJ. T, on the vertical axis against temperature (or time), as is customary in 
DTA, the software plots the heat flow (in mW) against temperature (or time), 
achieving a similar result to DSC, albeit through a different route. For the sake of 
clarity, it is emphasised that DSC instruments make use of circuitry that not only 
controls the average temperature of the sample and reference, but also detects the 
temperature difference between them and rations power to the heaters of either to 
keep them at the same temperature. it is the signal, which is proportional to the 
power difference, that is plotted against temperature to produce a DSC trace. 
The preparation of samples for this series of experiments involved casting films 
onto glass slides and drying them under vacuum, ea. 30 mm Hg, at 80°C for 2 hours. 
For partially imidised films, samples of Skybond polyamic acid and Thermid 
polyisoimide underwent an extra curing step at 150°C at ambient pressure for 1 hour. 
Fully imidised films of the polymers were obtained after a further curing step at the 
same pressure for 30 minutes. The films were removed from their substrates by 
cutting or scraping -as the case was, according to the level of ductility of the film- with 
Chapter 3: Experimental 73 
the use of a blade. The weight of samples compacted in aluminium pans for testing 
ranged between 2.1 and 2.9 mg. 
3.7 THERMOGRAVIMETRIC ANALYSIS OF FILMS 
Thermogravimetry is a type of thermal analysis which examines changes in the 
mass of a sample as a function of temperature, or time (in the isothermal mode). lt is 
used to characterise thermal phenomena such as thermal stability and 
decomposition of materials under selected conditions. Variables include the type of 
atmosphere used, gas flow rate and heating rate. 
Thermogravimetric analysis (TGA) of a variety of films was carried out on a TA 
Instruments Hi-Res Modulated TGA 2950 Thermogravimetric Analyser. Balance 
taring and initial sample weighing on this instrument were carried out automatically. 
The samples were held in a platinum pan and were heated to a pre-stored thermal 
program. The atmosphere was continuously purged by a steady flow of the selected 
gas (air or nitrogen) at 60 cm3 min"1• 
3.7.1 Binary Films 
Uncured film samples of binary mixtures of polyimide precursor and hydrolysed 
coupling agents, vacuum-dried at ao•c for 2 hours and weighing approximately 3 
mg, were subjected to runs consisting of a steady heating ramp of 1 0 K min"1 from 
room temperature to ?oo•c. The runs were carried out in an inert atmosphere of N2 
in order to prevent the oxidation of organic matter. 
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3.7.2 Hybrid Films 
a. Determination of silica content 
Hybrid films, uncured and vacuum-dried at 80°C, weighing between 4 and 7 mg, 
were tested according to the following schedule: Fast heating from room temperature 
to 300°C at 50 K min"1 was followed by an isotherm of 1 0 minutes to effect 
imidisation, in an atmosphere of air. This short period was adequate for a single-
stage reaction (with no intermediate 150°C curing step) in a film of such low mass. A 
subsequent ramp of 50 K min·1 to 400°C was followed by an isotherm of 5 minutes, 
the purpose of which was to oxidise and volatilise the organofunctional aliphatic 
segment of coupling agents, as well as to eliminate any traces of high boiling solvent 
and bound hydroxyl groups. At the end of this stage it was assumed that only pure 
silica was left dispersed in the polyimide matrix. The final step involved a ramp from 
400°C to 700°C at 50 K min·1, where another isotherm lasting 5 minutes was 
imposed in order to degrade the polyimide component completely and produce a 
white residue of silica. 
The weight fraction of silica in the film was calculated as the fraction of the 
residues at 700°C and 400°C, and was expressed in the following form: 
lllsi02 (m7oo) 
m400 F mpJ +ntsi02 
where the symbol "m" represents the mass of residue and the subscript "F' stands 
for "film". 
b. Effect of post-curing at an elevated temperature 
This part of thermogravimetric analysis was aimed at examining the weight loss 
patterns of films aged over a 1 0-hour period at 300°C. The films prepared for these 
tests were vacuum dried at aooc and uncured, and weighed between 4 and 7 mg. 
The thermal program, in effect simulating the conditions during the post-curing of 
composites, consisted in a fast ramp of 50 K min·1 from room temperature to 300°C, 
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a 1 0 minute isotherm to effect imidisation and a subsequent isotherm at the same 
temperature, lasting 1 0 hours. Air was used as the purge gas. 
3.8 MORPHOLOGICAL INVESTIGATION OF HYBRID FILMS 
3.8.1 Scanning Electron Microscopy 
Scanning electron microscopy offers the possibility to obtain three-dimensional 
topographical information on a specimen, as a result of the property of the electron 
beam known as "depth of field". 
The hybrid films examined were prepared according to the following procedure: 
Drying was performed for 4 hours (Skybond-based) and 20 hours (Thermid-based) at 
so•c. Curing was carried out in two steps, i.e. at 15o•c for 1 hour and at 300•C for 
30 minutes. 
Due to the brittle nature of the films, room temperature conditions were sufficient 
to allow clean fractures. In accordance with standard practice, the fractured films 
were fixed with colloidal silver glue onto aluminium stubs (fitted for convenience with 
copper strip supports) and sputtered with a conductive monolayer of gold. The 
fracture surface of the films was examined by the use of a Cambridge 360 
Stereoscan electron microscope. 
3.8.2 Transmission Electron Microscopy 
The morphology of hybrids was observed to a higher degree of detail than that 
afforded by SEM through the use of a Jeol 1 OOCX transmission electron microscope. 
The procedures followed to produce suitable films were the same as those for SEM. 
Samples were obtained by uitra-microtoming of the films at room temperature. 
Positioned on copper grid, they were subsequently subjected to the electron beam 
(at the selected magnification) for a period of 10 minutes before taking a photograph 
of the image. The purpose of this practice was to etch away part of the polymeric 
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matrix in order to reveal more clearly the underlying microstructure of the inorganic 
phase component. 
3.9 THERMOMECHANICAL ANALYSIS OF THICK CASTINGS 
Thermomechanical analysis (TMA) is a useful technique often employed in the 
area of polymers to determine the expansion properties of specimens as a function 
of temperature. The thermal expansion of a material is defined in terms of its 
coefficient of linear thermal expansion, a, or its coefficient of volumetric thermal 
expansion, p. lt is conventional to quote linear values for solids and volumetric values 
for fluids. 
For a unit rise in temperature, the strains in length and in volume are equal to a 
and f3, respectively. Therefore, for linear thermal expansion -the only property of 
interest here- the following expression applies: 
dsL 
a=-
dT 
where sL = AVL0 (the change in length) over a finite change in temperature, T. 
Contrary to the case of an isotropic body, in an anisotropic body 
where x, y and z denote the 3 co-ordinate directions. Anisotropy occurs in such 
materials as those with a specific molecular orientation and in fibre-reinforced 
composites. In the latter, fibres modify significantly the body's expansivity in the 
direction parallel to the fibre axis. 
The TMA equipment measures the mechanical response of a polymer system 
during a temperature scan. At elevated temperatures, polymer molecules acquire 
kinetic energy which, when high enough, enables them to overcome intermolecular 
attractions and makes them mobile. This, in turn, translates into dimensional 
expansion and softening. Therefore, typical measurements by TMA include, among 
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others, penetration or heat deflection and dilatometry. In the latter, which is the 
method used in this study, the equipment is able to compute values of the coefficient 
of linear thermal expansion (CTE) by detecting minute changes in the length of 
specimens. This is achieved by the presence of a linear variable displacement 
transducer (LVDT) which receives any displacement directly from a probe which is in 
contact with the specimen (see Figure 3.4). 
Figure 3.4: Schematic illustration of the Mettler TMA -40 Thermomechanical Analyser: (a) 
measuring sensor, (b) sample support, (c) purge gas inlet, (d) linear variable displacement 
transducer, (e) linear motor coil, (f) linear motor stator; [160]. 
The castings for the TMA experiments were prepared in small open polyethylene 
moulds (14 mm diameter) and were dried at 6o•c for varying periods, depending on 
the time which was required for them to become adequately handleable in the free 
state. This time was about 1 day for the Skybond hybrid, 3 days for the Thermid 
hybrid, and 7 days for the parent polyimide precursors. Following extraction from their 
moulds, the castings were cured for 1 hour at 1so•c and for 30 minutes at 3oo•c. 
The final thickness of the cured castings was approximately 1 mm. 
' i· 
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The experiments conducted on a Mettler TMA 40 Thermomechanical Analyser 
interfaced with a TC-11 TA processor consisted of runs from 40•C to 350•C. The 
polyimide and hybrid castings used, measuring approximately 4 mm x 4 mm x 1 mm 
were obtained by brittle fracture and subsequent grinding on coarse and fine emery 
paper. The heating rate during the runs was 1 0 K min"1• 
3.10 COMPOSITE PRODUCTION 
The production of composites involved the preparation of prepregs, their drying 
and curing under pressure. A small variety of fibre impregnation and curing routines 
make up a number of production methods which are described below. 
3.10.1 Composite Lay-Up, Drying and Curing Methods 
Epoxy-sized carbon fibre, TENAX 5131, was wound on steel frames and 
impregnated layer by layer with matrix solution. The impregnation was carried out 
with the aid of a spatula by holding the curved end at an angle between 10 and 20• in 
order to minimise any damage to the fibre surface during the spreading of the resin. 
Drying of the prepreg in the free state at ambient pressure or under vacuum was 
followed by curing at high pressure and temperature inside a specially designed 
open-ended (leaky) mould. The variants of this procedure used to achieve good 
structural integrity and as low voidage in the composites as possible are detailed 
below. The example of a mould-and-winding frame set-up displayed in Figure 3.5 
(see next page) shows the design used in Methods II-IIIa. 
Method/ 
The first attempt to construct carbon fibre composites was made using a matrix 
resin solution based on the hybrid S/A(G0.12). The cavity of the mild steel leaky 
mould measured 1 00 mm x 40 mm x 2 mm with a draft angle of approximately 2•. 
The lay-up process was carried out with the matrix solution kept at a temperature 
slightly above room temperature as a result of prior mixing at so•c, despite a cooling-
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Method/a 
In this method a similar procedure as in Method I was followed although the 
design of the mould was modified to improve the casting conditions. As Figure 3.6 
demonstrates, the draft angle was removed and the tolerances between the side wall 
of the tongue of the male half and the opposite wall of the female half were made 
very high. This was done to prevent the matrix resin from flowing out of the mould in 
a direction other than that of the fibres. In addition, the height of the cavity was 
reduced to zero to allow higher control over the pressure applied to the prepreg 
during cure. The material of the mould was changed from mild steel to stainless steel 
in order to minimise wear and tear by cleaning (after pyrolysis of solid resin 
remnants) and damage due to handling as a result of the tight tolerances. 
aearance 
~ - draft angle 
Partial section of leaky mould 
Method I Method la 
Figure 3.6: Section of the leaky mould showing detail of the draft angle used in Method I; on 
the right is detail of the section of the mould used in Method la 
The alteration in the curing schedule consisted in using a pressure of 25 MPa 
during the partial imidisation at 150°C and 5 MPa during the full imidisation at 300°C. 
This modification of procedure is meaningful and only possible with the modified 
mould, since the additional pressure is transmitted directly to the prepreg and not to 
the horizontal shoulders of the mould at the end of travel of the male half. The 
purpose of exercising constant pressure on the prepreg during cure was to eliminate 
any voids produced while the mobility of the resin still allowed. 
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down period of stirring at room temperature for 5 minutes. The target value for fibre 
volume fraction was 70%. The number of double plies wound on the steel frame (13) 
in order to achieve this value was calculated assuming a fibre section diameter of 7 
,urn and no shrinking of the matrix upon conversion of the polyamic acid into 
polyimide. Drying and curing were performed according to the following schedule: 
• Drying for 20 hours at 60°C and ambient pressure 
• Transfer to pre-heated hydraulic press 
• Application of contact pressure for 5 minutes at 150°C 
• Partial imidisation for 30 minutes at 150°C and 1.75 MPa 
• Reduction of the pressure to 0.175 MP a · 
• Heating to 300°C (heating rate approximately 8 K min"1) 
• Full imidisation for 30 minutes at 300°C 
• Cooling to 30•C 
)-~j_ 
'---...:>l----.13 mm 
Carbon fibre f 
Winding frame 
Mould (female part) 
25mm 
Figure 3.5: Schematic diagram of the leaky mould and the winding frame used for the 
production of carbon fibre composites. 
' 
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Method// 
Method 11 marked the introduction of a smaller mould with the same features to 
the mould used in Method la. The width of the cavity was reduced from 40 to 25 mm 
to achieve a more effective application of pressure on the prepreg, as well as an 
increase in the maximum pressure rating of the hydraulic press. Therefore, a 14 
double-ply composite was prepared in the smaller mould using the same procedure 
as in Method I with the exception of pressure which was respectively 40 MPa, 
applied during the partial imidisation step at 150°C and 8 MPa, applied during the full 
imidisation step at 300°C. 
Method/la 
Method lla utilised the same procedure and equipment as Method 11 with the 
exception of a modification that involved the drying step, whereby the prepreg was 
dried at 60°C for 20 hours under a pressure of 40 MPa in the press. As a 
consequence of this step, the 30 minute heat treatment at 150°C was preceded by a 
heating ramp to that temperature from the drying temperature of 60°C. The pressure 
at 150°C was re-adjusted to 40 MPa. 
Method Ill 
The thickness of the prepreg in this method was reduced to half, in order to help 
the evolution of volatiles and improve the uniformity of the structure through better 
pressure distribution. The rationale in the latter case is demonstrated by the 
schematic in Figure 3.7, where a thinner prepreg is envisaged to achieve a smoother 
compressive force profile between the planes of maximum pressure (i.e., the parallel 
mould surfaces). By the same logic, local pressure gradients (a consequence of fibre 
segregation) can be minimised by having a lower stacking of filaments. 
The drying/curing schedule was also modified to take account of the later findings 
regarding the gelation properties of the polyimide and hybrid resins. Consequently, 
Method Ill shaped up as follows: 
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• Drying for 1 hour at 80°C under vacuum (1 bar) (polyimide resins), or drying for 1 
hour at room temperature under vacuum (1 bar) (hybrid resins) 
• Transfer to pre-heated hydraulic press 
• Application of contact pressure for 5 minutes at 150°C 
• Partial imidisation for 1 hour at 150°C and 40 MPa 
• Reduction of the pressure to 8 MPa 
• Heating to 300°C (heating rate approximately 8 K min-1) 
• Readjustment of pressure to 8 MPa (pressure rises due to expansion of the metal 
mould under restraint) 
• Full imidisation for 30 minutes at 300°C 
• Cooling to 30°C. 
F = Compressive Force 
Figure 3. 7: Schematic representation of the pressure distribution in a thick and a thin 
prepreg 
Method Ilia 
Method Ilia represents a modification introduced in the lay-up stage of Method Ill. 
it consists in reducing the temperature of the resin to approximately 5°C during 
impregnation. it was deemed necessary in the case of the Skybond-based hybrid-
matrix prepregs since higher temperatures during lay-up resulted in poor quality 
composites in certain cases. Details of this problem and how it was eliminated are 
discussed later. Post-curing of samples, where required, was performed at 300°C in 
the free state, in air and at ambient pressure inside a CarboliterM oven equipped with 
a EurothermTM controller-programmer type 821 for 2 and 10 hours. 
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3.11 MICROSTRUCTURAL EXAMINATION OF COMPOSITES 
3.11.1 Electron Microscopy 
Polyimide and hybrid-based composites were microscopically examined, in order 
to assess the distribution of the carbon fibres and the integrity of the matrix in terms 
of defects such as voids and cracks. 
Cross-sectioned composites were mounted in slow-setting epoxy backing and 
ground on a hand grinder to a flat, highly uniform surface by using progressively finer 
grit size sand paper. The cross sections were subsequently polished to a high finish 
on polishing wheels at 250 rpm using water-based diamond suspensions of 6 
microns and 1 micron particle size. The polished sections were gold-sputtered and 
observed on a Cambridge 360 Stereoscan electron microscope. 
3.11.2 Optical Microscopy 
Although SEM is able to produce clear images of the polished sections at high 
magnification, the lack of contrast between the matrix and the fibres (where, in both, 
carbon is dominant) results in a poor image at low magnification. Since low 
magnification is important, in that it offers a better view of the general distribution of 
fibres, an optical reflection microscope was used to obtain improved contrast images 
of the same samples as those prepared for observation by SEM. 
The equipment used for this purpose was an Olympus BHM optical microscope. 
The examination of images was aided by a TV monitor fed with a signal from a JVC 
TK1281 video camera connected to the microscope. The magnification applied to the 
images by the microscope lens and the video camera was determined by the use of 
a measurement grating, viewed and photographed under identical settings. Image 
printing was performed on a Mitsubishi video copy processor. 
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3.12 THERMOGRAVIMETRIC ANALYSIS OF COMPOSITES 
The complex nature of the weight loss patterns in polyimide-Si02 hybrids means 
that accurate determination of the fraction of fibres in composites of these matrices is 
not possible by simple pyrolysis at a single elevated temperature. For this reason, 
TGA was used to determine the weight of the residue of volatile-free samples at 
40o•c and the weight of fibres and silica at soo•c. The percentage weight of fibres in 
the composites was calculated by consideration of the silica content of hybrid films, 
obtained according to the method described in section 3.7.2(a). 
The mass of samples used in these tests was higher than that of the films, to take 
account of the fact that the matrix forms only a minor part of the overall mass and so 
to avoid testing samples whose mass would be too small to yield accurate 
measurements. An additional benefit of using as high a weight as the instrument's 
sensitive balance will allow is that small variations in fibre distribution may be 
averaged out. Therefore, fully cured samples (prepared by Method ma, section 
3.10.1) re-dried at 11o•c and ambient pressure for 15 minutes, weighing between 15 
and 20 mg were subjected to the following thermal program: A ramp from room 
temperature to 40o•c at a heating rate of 50 K min"1, followed by an isotherm of 5 
minutes at 4oo•c, a ramp from 400•C to soo•c at 50 K min·1 and, finally, an isotherm 
of 6 minutes at soo•c. The calculations to estimate the fibre content of the various 
composites were based on a number of assumptions, detailed as follows: 
• The geometry of hybrids and the preparative procedures have no significant effect 
on the final composition. This allows the proportion of silica to polyimide in a given 
formulation to be the same in both films and the corresponding matrices. 
• Volatiles such as aliphatics, associated with the presence of coupling agents, and 
bound hydroxyls in the structure of silica are removed from the matrix following the 
isothermal step at 400•C, whilst the polyimide phase remains largely intact. To 
ensure this, the mass of the films tested according to the details in section 3.7.2(a) 
was allowed to equilibrate at that temperature. 
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lt is noted that although after a 6-minute isotherm at 700"C the weight loss of 
"free" carbon fibres is substantial (81.5% ), this loss is greatly reduced after a similar 
isotherm at 650"C (32.7%) and is even further reduced at 600"C (2.6%) (see Figure 
3.8(a)). In fact, surrounded by matrix, the fibres at 600"C are thought to suffer a 
weight loss which is low enough to be ignored. Hybrids (in the form of films) tested 
under the same conditions at 600"C, equilibrated well within 5 minutes from the 
commencement of the 6-minute isothermal, and tests with pure polyimide confirmed 
that this period is adequate for complete pyrolysis of all the organic matter in the 
hybrid (see Figure 3.8(b)). In the light ofthese facts, it is also assumed that 
• The isothermal step at 600"C undergone by the composites achieved the 
complete removal of organic matter, and the weight of residue after this process 
reflects the same content of silica as that determined to exist in the corresponding 
films in addition to the fibres present. 
Hence, the TGA data have been utilised as follows: The combined mass fraction 
of carbon fibre and silica in the composite (i.e., the fraction of residue after oxidation 
at 600"C with the initial mass at 400"C) is 
"'CF+Si02 
me (
m60o) 
m4oo e (3.8) 
where m represents the mass of residue, me is the initial mass of the composite, i.e., 
me = mcp + msi02 + mp[ 
and the subscript "C' stands for "composite". Consequently, the mass fraction of 
polyimide in the composite is 
Mp[ = mp, = l-(m60o) 
me m4oo e (3.9) 
I! the mass fraction of silica in the hybrid matrix (assumed to be the same as that of 
films and determined by the method described in section 3.7.2(a)) is written as 
Msi02(FJ = msi02 _ (m?oo) 
mp, + msi02 m4oo F (3.10) 
where the subscript "F' stands for "film", then the combined mass fraction of 
polyimide and silica in the composite can be shown to be 
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Figure 3.8: TGA thermograms showing the weight loss incurred during a 6-minute isothermal 
treatment (a) in carbon fibres oxidised at 600°C, 650°C and 700°C and (b) in a pristine 
Therm id film at 600°C. 
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MpJ+Si02- ( ) 
1_ m7oo 
m400 F 
I 
( I m60o) x -m4ooc (3.11) 
and accordingly, the carbon fibre mass fraction can be expressed as 
1 (1116Qo) 
m400 c 
Mcp = I-MpJ+Si02 = 1- ( ) 
1_ m7oo 
m40o F 
(3.12) 
To convert the mass fraction of fibres to percentage content by volume, 1-f, the 
densities of the constituent components must be introduced: 
McF 
V = PCF xiOO% 
f McF Mp1 .M .. ~s,~·o~2 
--+--+-
PCF pPJ Psi02 
The bulk density values utilised in the above formula were as follows: 
• Carbon fibres, Tenax HTA 5131: 1.77 g cm·3 (161] 
(3.13) 
• Skybond 703: 1.35 g cm-3 (cured) [1]-this value was obtained for Skybond 701, a 
PAA of the same family. 
• Thermid IP-600 oligomer: 1.34 g cm·3 (cured) [115] 
• Pyralin PAA: 1.43 g cm-3 (cured) 
• acid-catalysed xerogel heat-treated at 300°C: 0.94 g cm-3 [162] -the value was 
extracted from plots in the cited study. The assumption made with regards to silica 
is that the value of 0.94 is not likely to vary significantly due to initial compositional 
variations resulting from the presence of trialkoxysilane coupling agents. 
The fibre volume fraction described by equation (3.13) does not take into account 
the porosity that exists in the composites. To do this, the bulk density of the entire 
cured system must be used as in equation (3.14 ): 
Vj =Mcp Pc xiOO% 
PCF 
(3.14) 
where Pc is the bulk density of the composite, obtained using the method described 
in section 3.13. 
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3.13 BULK DENSITY OF COMPOSITES 
Bulk density is defined here as the density based on the volume of the entire 
system, including open and closed porosity, and has been determined by an 
archimedean technique [163]. Three types of weight measurements were made on a 
four decimal-figured balance using small specimens 
• dry, suspended in air (W.) 
• suspended in water after a soaking period of 10 minutes (W6), and 
• suspended in air after a soaking period of 10 minutes (We). 
Experimental errors due to water evaporation during short delays in weight 
measurements were < 1% and have therefore been ignored. The bulk density of the 
samples examined was estimated using the following formula: 
Pc =Crc~w,)PH2o (3.15) 
where fJH2o is the density of water. 
3.14 AGEING OF COMPOSITES 
3.14.1 High Temperature Ageing 
Composite samples similar in size and shape as those prepared for interlaminar 
shear strength testing (see section 3.15.2 for details) were thermally aged at 300°C 
in air. The thermal treatment was carried out in a forced convection Carbolite™ oven 
equipped with a Eurotherm™ controller I programmer type 821. The aged samples 
were tested by the method described in section 3.15.2 for interlaminar shear 
strength. 
3.14.2 Hydrothermal Ageing 
The same type of composite samples utilised for high-temperature ageing were 
also aged at 80°C under water. This was achieved by immersing the samples in a 
thermostatically controlled 30-litre capacity water bath equipped with a small pump 
for water circulation. Evaporation was reduced by the presence of spherical plastic 
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floats, whilst the water lost by evaporation was constantly replaced in precise 
quantities by a purpose-built drip system. The aim of this ageing process was to 
determine the level of water absorption in composites with matrices of different 
formulations as well as the effect that hot/wet conditions may have on the 
interlaminar shear strength of the composites. 
To measure the water take-up, the composite samples were periodically extracted 
from the water bath, dried well externally with lint-free tissue and weighed on a four 
decimal-figured balance. The time that the samples spent out of the water during this 
procedure does introduce an experimental error; however, taking into account the 
proportion of the overall duration of the test that this time makes up, the error is 
estimated to be negligible. 
A number of the hydrothermally aged samples were re-dried at 300°C for 
subsequent mechanical testing. Re-drying took place inside the forced convection 
oven using a heating ramp of approximately 6 K min-1 from 50°C to the target 
temperature. The isothermal treatment at 3oo•c lasted 15 minutes. 
3.15 MECHANICAL TESTS ON COMPOSITES 
3.15.1 Flexural Strength and Modulus 
The flexural stress at yield and the flexural modulus of composites were 
determined by a 3-point bend type test, according to the British Standard BS 2782 : 
Part 3 : Method 335A : 1978. The test involves a specimen in the form of a 
rectangular bar loaded at midspan. Figure 3.9 shows the set-up and the specimen 
dimensions as specified by the standard. Emphasis is drawn to the fact that testing 
was performed in the direction parallel to the axis of the fibres. The speed of relative 
movement between the nose and the supports of the jig was 10 mm s·1 and the tests 
were carried out at 250°C inside an environmental chamber on a Hounsfield 
lensometer. Prior to the tests, conditioning took place at the same temperature for 15 
minutes. 
-L 
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Figure 3.9: Experimental set-up for the flexural stress test and jig dimensions 
The results of the tests were expressed according to the following formulae: 
3(FL) 
(jf =2 bh2 
90 
(3.16) 
where UJ = flexural strength (in MPa), F = applied load at yield or first indication of 
fracture (N), L = span length (mm), b = specimen width (mm) and h = specimen 
thickness (mm), and 
(3.17) 
where Eh = flexural modulus (MPa), F' = load at any point on the initial linear portion 
of the load deflection curve (N), Y = deflection corresponding to load F' (mm). 
Quantities UJ and Eh were expressed as the average of the values obtained from 
batches of five specimens each. To establish the statistical validity of the results, 
standard deviation values were calculated according to 
S=lL)x-x)2 
n-l 
(3.18) 
where S = standard deviation, x = value of a single observation, x = arithmetical 
mean of all n values of x, and n = number of observations. 
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3.15.2 Apparent lnterlaminar Shear Strength (ILSS) 
This test is in effect a 3-point bend test which employs a lower span-to-thickness 
ratio than the flexural test described earlier, aiming to intensify the level of shear 
stress relative to the flexural stress in the specimen. lt is based on the British 
Standard 882782 : part 3 : Method 341 A : 1977 and it is especially suited to fibre-
reinforced composites, giving a good indication of the interfacial strength between the 
matrix and the fibres. The results of this test are not absolute, hence the term 
"apparent• to describe the measured quantity. 
The experimental set-up, shown in Figure 3.1 0, is similar to that for flexural 
properties, the main difference being the span length of the specimen which is 
significantly shorter. The speed of relative movement between the parallel supports 
and the central loading member on the Hounsfield lensometer was also different, set 
lower at 1 mm s·1. Testing was performed at room temperature, because of the 
unreliability of the results at elevated temperatures where the matrix softens and the 
dominance of shear stress is not as prominent. 
6d 
Movement of loading member 
d 
5d 
width= 10mm 
thickness, d = 1.45:!. 0.05 mm 
Figure 3.10: Experimental set-up for the apparent interlaminar shear strength test and jig 
dimensions 
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The apparent inter1aminar shear strength was calculated according to the formula 
0.75F 
Ut=--
bd 
(3.19) 
where o; = apparent inter1aminar shear strength (MPa), F = force at yield or at first 
fracture (N), b = specimen width (mm), d = specimen thickness (mm). The standard 
deviation corresponding to a batch of five specimens was calculated in the same way 
as for the flexural properties. 
3.16 DYNAMIC MECHANICAL THERMAL ANALYSIS OF COMPOSITES 
Dynamic mechanical properties are properties which express the response of 
materials under dynamic loading conditions. The key variables involved are stress, 
strain and frequency and the same principles as those presented in section 3.3.2 
about dynamic viscosity hold here. Accordingly, for stress expressed by 
and strain by 
where t = time, w = angular velocity (of wave function, given by 2tif) and 8 = phase 
angle, the complex modulus, resolved into the in-phase (E1 and out-of-phase (E'1 
components, is 
E*=E'+iE" 
A term encountered frequently in dynamic mechanical analysis is the loss tangerit, 
tan o, also called internal friction, damping or dissipation factor. lt is the ratio of the 
energy dissipated per cycle as heat due to deformation (related to the loss modulus) 
and the potential energy stored during a cycle (which is related to the storage 
modulus). Using the equations (3.4) and (3.5) for shear conditions from section 3.3.2 
directly, it may be shown that 
G" _ E" _ (ao I eo)sin8 
G-F- (ao I eo)cos8 tano (3.20) 
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The dynamic mechanical properties of composites were determined by the use of 
a Polymer Laboratories Dynamic Mechanical Thermal Analyser· (DMTA), model MK 
JI. The samples, 1.4-1.5 mm thick and 5 mm wide were mounted on the small frame 
and attached to the bending/shear head with a "knife-edge" clamp in a dual 
cantilever configuration. This set-up gave a free sample length of 5 mm (see Figure 
3.12}. 
Clamping 
Front view 
Driveshaft movement 
aamplng bar 
Central drive clamp 
Edge-on view 
Figure 3.12: Schematic diagram of the DMTA dual cantilever clamping configuration 
Tests were run from 30°C to 300°C at 3 K min-1. A frequency of 1 Hz was used, 
whilst the strain level was chosen so that the nominal peak-to-peak displacement did 
not exceed 23 microns, a value low enough to ensure minimum non-linearity effects 
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(which are often encountered at high stress amplitudes, mostly in heavily filled and/or 
crystalline materials, as a result of the occurrence of high harmonics in the strain 
signal). 
The sampling interval was set at 1 0 seconds, giving 2 data points per degree 
Kelvin. Noisy spectra were smoothed by a function in the form of a moving average 
operated on the data. Experience with repeat DMTA runs showed that noise was 
random and when it occurred, it was unlikely to convey any information on the 
specimen. The moving average function used to remove noise from DMTA spectra 
was of the form 
I N 
F(t+J) = N L>t-j+l 
j=l 
(3.21) 
where, Fj = calculated average, N = number of data values to be included in the 
moving average (here, N = 4) and A1 =actual value in the data series (E' and tan 0). 
According to this function, a data value is calculated on the basis of the average of 
four entries. The calculation commences at the final value of the data series (n = 1) 
proceeding towards the top of the series and is completed at the (n-4)'h value. This 
curve smoothing, as with proprietary software, leaves the shape of spectra 
unaffected. Sampled data were plotted with a temperature interval of 3 degrees. 
3.17 THERMOMECHANICAL ANALYSIS OF COMPOSITES 
Tests with composites were conducted in the same manner as with thick castings 
in section 3.9. Samples were prepared from larger composites by cutting with a small 
rotary saw and grinding with coarse and fine emery paper. Approximate dimensions 
for these samples were 4 mm x 4 mm x 1.45(± 0.05) mm. The heating rate during 
the runs, terminated at approximately 450°C, was 10 K min-1• 
CHAPTER4 
RESULTS 
4.1 VISCOSITY DEVELOPMENT OF ALKOXYSILANE SOLUTIONS 
4.1.1 Dynamic Viscosity 
The plots in Figures 4.1-4.3 represent the variation of dynamic viscosity, 7J* with 
time. The data were recorded for the sol-gel reactions at 60°C, according to the 
method in section 3.3.2. The gel times of the alkoxysilane solutions involved were 
determined from the point of intersection of the curves traced out by the dynamic 
moduli G' and G" [59-61 ,63] as functions of reaction time. The plot in Figure 4.4 for 
solution type 8 is typical of the variation of G" and G' with time, and illustrates the 
method by which the gel point was defined. 
The data in Figures 4.1 and 4.2 were obtained on solutions containing a standard 
level of the same coupling agent but a different solvent-catalyst combination, (Table 
3.2 gives a summary of these combinations). Different coupling agents are used, on 
the other hand, for solution type A, containing EtOH and HCI, for the data in Figure 
4.3. 
In the first two figures (4.1 and 4.2) it is' demonstrated that the rate of gelation is 
affected considerably by the nature of both the solvent and the catalyst Clearly, in 
the presence of GOTMS, solutions in DMF give faster gelations relative to those in 
Et OH. A similar effect is shown by HCI relative to HN03 (Figure 4.1 ), but the influence 
of the nature of the catalyst is less pronounced in solutions containing MPTMS 
(Figure 4.2). The effect of the solvent with MPTMS is greater than with GOTMS, 
making the gelation curves for EtOH and DMF separate further. The effect of the 
type of coupling agent on gel time appears to be dependent on the organofunctional 
group attached to the silicon (the sole variable), as can be seen in Figure 4.3 where 
the gel times in ascending order are: Ravepox (epoxy functionality)< GOTMS (epoxy 
functionality) < no coupling agent < MPTMS (mercapto functionality) < MAPTMS 
95 
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(methacrylic functionality). A summary of the results in Figures 4.1-4.3 are given in 
Table4.1. 
Table 4.1 
Gel time for various alkoxysilane solutions obtained from dynamic viscosity 
measurements. 
Alkoxysilane Solvent Acid Coueling agent:TEOS molar ratio Gel time 
solution catalyst GOTMS MPTMS MAPTMS RAV (m in) 
A(G0.12) EtOH HCI 0.12 106 
B(G0.12) EtOH HN03 0.12 543 
C(G0.12) DMF HCI 0.12 30 
D(G0.12) DMF HN03 0.12 45 
A(M0.16) EtOH HCI 0.16 10100 
B(M0.16) EtOH HN03 0.16 9660 
C(M0.16) DMF HCI 0.16 220 
D(M0.16) DMF HN03 0.16 228 
A(M0.12) Et OH HCI 0.12 6040 
A(MA0.12) EtOH HCI 0.12 7330 
A(R0.12) Et OH HCI 0.12 72 
A(O} EtOH HCI 2090 
From the data available, it is apparent that the reactions leading to short gel times 
invariably produce abrupt changes in viscosity, IJ*. This is important insofar as the 
induction period for molecular weight growth prior to gelation increases proportionally 
to gel time, thus widening the window of processability of the solutions. Despite the 
initial acidic nature of all the solutions (pH = 2), only those with long gel times (i.e., 
type A and 8 in Figures 4.1 and 4.2 and A(O), A(M0.12) and A(MA0.12) in Figure 4.3) 
display a behaviour which resembles that often described in the literature as "acid-
catalysed". These solutions are drawable, in agreement with earlier reports in the 
literature [63,64, 164], whereas in solutions with short gel times (type C and D in 
Figures 4.1 and 4.2, and A(R0.12) and A(G0.12) in Figure 4.3) the viscosity changes 
are too fast to satisfy the conditions required to achieve drawable characteristics. 
lt is interesting that, although solution A(G0.12) can be described as slow-gelling 
in the context of Figure 4.1, it is perceived as fast-gelling compared to type A 
solutions containing different coupling agents (Figure 4.3). From this, the prominent 
role of the solvent and the coupling agent on gel time is apparent. 
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4.1.2 Steady Shear Viscosity 
Alkoxysilane solutions with alcohols as solvents and catalysed by HCI (type A) and 
HN03 (type B) in amounts required to give a pH level of 3 were examined by 
determining their apparent viscosity at different stages during their reaction, or 
maturation period, at 60°C (see section 3.3.1 ). Figure 4.5 shows the viscosity-time 
curves for three type B solutions where EtOH, MeOH and a mixture of the two 
alcohols were used as solvents. The proportion of EtOH to MeOH in the solvent 
mixture was 9:1. Table 4.2 is a summary of the gel times produced by all the 
solutions tested, normalised relative to the value for the EtCH-containing solution. lt 
is emphasised that although the definition of the gel point in this series of 
experiments (i.e., the time for the viscosity to achieve a growth rate of 1 mPa.s min"1) 
was set arbitrarily, it does have a physical significance in that, the growth rate chosen 
is rapidly succeeded by much higher values, causing the viscosity to rise to infinity. 
Table4.2 
Summary of normalised gel times obtained from steady shear viscometry tests on 
alkoxysilane solutions 
Alkoxysilane Acid catalyst Alcoholic solvent GOTMS:TEOS Normalised 
solution molar ratio gel time 
AI(G0.12) HCI EtOH 0.12 1.00 (datum) 
A11(G0.12) HCI 9:1 EtOH/MeOH 0.12 0.83 
A111(G0.12) HCI Me OH 0.12 0.69 
BI(G0.12) HN03 EtOH 0.12 1.00 (datum) 
B11(G0.12) HN03 9:1 EtOH/MeOH 0.12 0.73 
B111(G0.12) HN03 MeOH 0.12 0.64 
Judging by the appearance of the viscosity profiles in Figure 4.5 and the 
normalised gel times, it is apparent that the use of MeOH as a solvent produces an 
increase in the rate of gelation relative to EtOH. Reasons for this phenomenon are 
discussed later. 
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however, it is shown that this contribution is not significant. The results were obtained 
with 5 ml of solutions type A and type C contained in vessels measuring 25 mm in 
diameter and 50, 75 and 100 mm in height. A detectable drop in gel time is observed 
with increase in vessel height (and evaporating volume) for solution type A, but a 
more random pattern (and, therefore, a likely lesser effect) is noted for solution type 
c. 
In order to determine the effect of solution volume, a systematic approach was 
followed, whereby gel time was set as a function of a quantity referred to here as 
"fractional volume", the fraction of the volume occupied by the solution to the overall 
volume of the closed vessel (25 mm in diameter, 50 mm in height). In Figures 4.9 
and 4.10 the trends in gel time for solutions with and without GOTMS coupling agent 
can be observed. Individually, all types of solution display a tendency to gel at a 
progressively slower rate with increasing fractional volume. The upturn in gel time is 
more pronounced at low fractional volumes, since gel time levels off as the fractional 
volume approaches the value of 1. The effect is quite prominent for EtOH-containing 
solutions (types A and B), but not so much for solutions containing DMF (types C and 
D). 
Since DMF solutions show a lower propensity to evaporation (Figures 4.6 and 
4.8), it would appear that evaporation is less crucial in their gelation behaviour and, 
therefore, the existence of a general asymptotic pattern for the gel time (Figures 4.9 
and 4.1 0) has to be attributed to a delaying effect caused by the larger bulk of the 
solution. On the other hand, in the case of the EtOH-containing solutions, where 
evaporation is significant, the asymptotic gelling pattern must be attributed to both 
evaporation and solution bulk. This implies that the relative influence of these two 
factors on gelation with increasing fractional volumes is greater for solution bulk due 
to the reduction in evaporating space. In addition, the hypothesis of the lesser 
importance of the evaporation rate in DMF-containing solutions is reasonable 
considering the difference in boiling points between the solvents in question (i.e., 
EtOH: 78.3•C; DMF: 153•C at atmospheric pressure). 
Although the order of the rates of gelation among the alkoxysilane solutions A-D, 
as evidenced from the data in Figure 4.1 0, is in agreement with results from other 
experiments (see Figure 4.1, for example) showing that DMF as a solvent and HCI 
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4.2 EFFECT OF ENVIRONMENTAL CONDITIONS ON THE RATE OF 
GELATION 
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Because alkoxysilane precursor solutions consist essentially of volatile 
components, their gelation behaviour is sensitive to the environmental conditions 
prevailing during the preparation of the samples. Although the effect of physical 
conditions on the rate of gelation such as the reaction temperature are well 
established [50], the issue of the effect of gelling volume or that of evaporation during 
gelation had not been considered before. 
Both issues are examined in this study. The results are shown in Figure 4.6 in the 
form of a histogram of the gel times for different volumes of solutions contained in 
open and closed 3.9 ml vessels; (the method is outlined in section 3.2). The 
solutions, types A-D, contained the same amount coupling agent (GOTMS:TEOS = 
0.12) and gel times were normalised relative to the geltime of solution A(G0.12) for a 
volume of 3 ml. The vessels measured 10 mm in diameter and SO mm in height. The 
normalised gel times obtained with vessels of different aspect ratios are shown in 
Figure 4.7. 
Examining these data, it seems logical to infer that evaporation contributes in 
considerable measure to the observed rate of gelation, principally because in two 
instances where evaporation is encouraged, gelation is more rapid. In Figure 4.6, are 
reported data for systems where evaporation has been encouraged by allowing the 
sol-gel reaction to take place in an open system, i.e. in conditions leading to a 
continuous removal of volatiles. For the data in Figure 4.7, the difference in aspect 
ratio of the reaction vessels is such that the wider vessel offers a considerably larger 
surface area (by a factor of 6.25) for evaporation to take place. Therefore, in both 
figures, the drop in gel time observed for the EtCH-containing solutions (type A and 
B) is appreciable, roughly to half of the value for a closed or a lower diameter-to-
height aspect ratio vessel (where evaporation is hindered), even though the effect in 
the DMF-containing solutions (type C and D) is not so dramatic. 
AHhough the parameter considered in Figure 4.7 is evaporating area, inevitably 
the increased evaporating volume (the empty space in the reaction vessel above the 
solution, available to receive vapours) contributes to the overall resuH. In Figure 4.8, 
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as a catalyst lead to shorter gel times than EtCH and HN03, the order of rates of 
gelation for the corresponding Skybond hybrid solutions is reversed, as shown in 
Figure 4.11. Explanations for this phenomenon are reported later, in the light of 
further experimental results (see section 4.3.2). 
Due to the apparent effect of environmental conditions on gelation rates, it is 
proposed that values for gel time be accompanied by a statement of the conditions 
used, namely vessel dimensions and solution volume, so that any results obtained 
are reproducible under the same conditions. All experiments to determine gel time in 
the following sections have been conducted using a standardised solution volume of 
3 ml in reaction vessels measuring 25 mm in diameter and 50 mm in height. 
4.3 EFFECTS OF ORGANIC COMPONENTS 
4.3.1 Organofunctional Trialkoxysilane Coupling Agent 
The plots in Figure 4.12 show the influence of the two coupling agents examined 
on gel time. In the case of the solutions containing the epoxy coupling agent, 
GOTMS, the gel time goes through a minimum for a GOTMS content corresponding 
to that of a solution with a pH of 2 (i.e., for GOTMS:TEOS = 0.12). However, as 
indicated by the data in Figure 4.13, which reports the effect of adding GOTMS to the 
alkoxysilane solution after an initial hydrolysis stage, the sequence of addition of the 
coupling agent for molar contents which are higher than those at which the minimum 
occurs has considerable bearing on the rate of gelation. Specifically, a dramatic 
reduction in gel time (i.e., up to approximately 97.5% of the original value, at 
GOTMS:TEOS = 0.48) .is observed. Increasing the content of the mercapto coupling 
agent, MPTMS, on the other hand (Figure 4.12), causes a monotonic increase in gel 
time. 
The relationship between gel time and concentration of coupling agent in hybrid 
mixtures is shown in Figure 4.14. Although the gel time values for Thermid-based 
solutions are persistently higher than for Skybond, the shape of these curves and the 
trends depicted by them are the opposite of those corresponding to the alkoxysilane 
solutions in the absence of the polyimide precursor (shown in Figure 4.12). In other 
Chapter 4: Results 101 
words, (a) the gel time of Skybond-based hybrids, compatibilised with GOTMS, goes 
through a maximum close to the point where the parent alkoxysilane solution goes 
through a minimum (at GOTMS:TEOS = 0.12), (b) for the Thermid-based hybrids, 
compatibilised with MPTMS, the gel time decreases monotonically with increasing the 
content of MPTMS. lt is noted that the lowest molar ratios of coupling agent used in 
these tests (GOTMS:TEOS = 0.024, and MPTMS:TEOS = 0.16) correspond to 
values at or near the threshold concentrations required to obtain miscible mixtures. 
4.3.2 Polymer Precursor in Hybrid Mixtures 
In contrast to the effect produced by higher concentrations of coupling agents, 
increasing the amount of the organic pre-polymer component in hybrid formulations 
tends to increase the gel time, as shown by the data in Figure 4.15. In addition, the 
gel times for the Thermid-based hybrid mixtures are always predictably longer than 
those based on Skybond. 
The data in Figure 4.15 also show that the Skybond mixtures prepared at room 
temperature (solid markers) display a slower gelation than those prepared following 
the procedure in section 3.1.2 which involves heating at sooc (hollow markers). 
Assuming the discrepancy arises from the amount of thermal energy received during 
mixing, then the faster gelation observed subsequent to mixing at high temperature 
must be the result of the following possibilities, alone or combined: (a) a preliminary 
maturation of the alkoxysilane solution, (b) an improved interaction between the 
polyamic acid and the alkoxysilane. Hence, the convergence of data from the two 
preparative procedures at lower TEOS:polyamic acid weight ratios implies that at 
high concentrations, the polyamic acid solution appears to act merely as a diluent in 
the system. 
On this account, the data in Figure 4.16 illustrate the effect of NMP (as the solvent 
for the PAA solution) on the gelation rate of the hybrid system. The pre-polymer resin 
was added to the alkoxysilane solution A(G0.12) at different solids concentrations 
and in proportion of TEOS:polyamic acid (solids) = 1.0 by weight. The dramatic 
increase in gel time with decreasing resin concentration is indicative of the influence 
of NMP as a diluent. 
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The plots in Figure 4.17 show the variation of gel time in Skybond hybrid mixtures 
with the concentration of solids in the polyamic acid solution between a maximum of 
50.22% (the as-received concentration of Skybond) and zero (where the solution 
consisted only of NMP). The quantity of TEOS, contained in alkoxysilane solutions 
type A and C, both starting with a pH value of 3, was kept at a constant weight ratio 
1:2 with respect to the overall PAA solution (including the additional solvent used to 
dilute the PAA). 
The formation of a maximum in the curves with increasing concentration of 
polyamic acid indicates the existence of two competing effects: Up to approximately 
20% PAA, gel time increases because dilution is predominant, whilst above this 
concentration, the gel time decreases due to interactions between the resin and the 
alkoxysilane solution. Another notable aspect of this plot is the changeover in the 
order of gelation between the mixtures S/A(G0.12) and S/C(G0.12) at a PAA solids 
concentration between 20 and 25 %wt. 
4.4 VARIATION OF pH DURING GELATION 
The plots appearing in Figures 4.18-4.20 illustrate the changes in pH that occur in 
alkoxysilane solutions during reactions at so•c, starting with a pH of 2. The collection 
of data was limited by the reliability of measurements, hence the last point used in 
each series does not strictly represent a gel point. 
The most gradual change in pH occurs in solutions without any coupling agent 
(Figure 4.18), although it is still clearly evident that DMF-based solutions, types C and 
D, display more rapid increases in pH than EtOH-based solutions, types A and B. 
This is also true in the presence of coupling agents, although the increase in pH with 
time is much faster (see Figure 4.19). Given that hydrolysis and gelation generally 
advance more slowly at a pH value which is closer to 2, and that any increase in pH 
is autoaccelerating, the pH profiles for the GOTMS-containing solutions A(G0.12)-
D(G0.12) correlate well with the gelation rate trends. The same applies to solutions 
containing MPTMS, the results of which are shown in Figure 4.20, where the scale of 
change in pH is intermediate between those encountered in Figures 4.18 and 4.19. 
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The fact that the behaviour of solutions type C and D in all three figures (4.18-
4.20) is so distinct from the behaviour of solutions type A and 8, in the sense that 
when DMF is present the pH increases faster, may indicate a type of interaction of 
this solvent with the solution which is different from that occurring with the alcohol. 
Any evaporation taking place as suggested earlier (section 4.2) would also have an 
effect on the pH, especially as a result of the removal of acid from the solution. 
However, in the case of the solutions containing DMF, any contribution from such a 
process would be minor (certainly much less than for EtOH-based solutions) primarily 
due to the dominance of the aforementioned interaction possibilities. 
The variation of the pH for the hybrid solution mixtures, under identical conditions 
to those of the corresponding alkoxysilane solutions, is shown in Figure 4.21. Semi-
log plots indicate an increase in pH with reaction time and also the fact that the 
Skybond solution itself causes an even larger increase in the initial pH of the original 
alkoxysilane solutions. The proportional change in pH with time for the Therrnid-
based T/A(M0.16) mixture is greater than for S/A(G0.12) and S/C(G0.12). lt is 
conceivable, however, that the same would occur in the Skybond- based mixtures 
given a longer reaction time at 60°C before the gel point is reached. 
In Figure 4.22 are shown the initial pH values resulting from the addition of various 
coupling agents and the Ravepox analogue used in the solutions whose dynamic 
viscosity development at 60°C appears in Figure 4.3. The trend denoted by the 
histogram is in accord with the line of reasoning regarding the natural pH of the 
overall formulation and its effect on the rate of gelation. Figure 4.23 shows the 
variation in initial pH of a type A solution (HCI:TEOS = 0.0033; H20:TEOS = 3.12) 
with the amount of GOTMS used, illustrating the effect of the amount of coupling 
agent on the initial value of pH. The obtained relationship is linear, although 
reference to Figure 4.12 reminds that this does not necessarily signify a proportional 
increase in gelation rate. 
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4.5 MORPHOLOGY OF HYBRID FILMS 
4.5.1 SEM Study 
a. Hybrids based on the po/yamic acid 
The small spacing between fibres in composites implies that the amount of matrix 
present is very small, with an average thickness in the region of a few microns. Since 
the specimen thickness of hybrids has a considerable effect on the morphology 
developed during thermal cure [165], it is appropriate to study the morphology of 
hybrid matrices in the form of thin films. The films observed were produced using 
formulations intended to highlight differences in behaviour associated with a number 
of variables relevant to their production. These were (a) the initial TEOS content of 
hybrids, (b) the coupling agent amount used in the alkoxysilane precursor solution, 
(c) the type of solvent used in the alkoxysilane, (d) the organic pre-polymer content of 
the hybrid mixture and (e) the duration of the maturation of the alkoxysilane solution 
at 60°C before it is added to the polyimide precursor (here described as "maturation 
time", tMAT. and expressed as a "reduced" value relative to the gel time, where tMAT = 
lsoocftGEL) · 
Figures 4.24-4.26 show the fracture surfaces of Skybond hybrids generated by 
brittle fracture at room temperature. The morphology of the compatibilised 
(transparent) sample S/A(G0.12) is featureless (homogeneous) when the organic 
and inorganic precursors are mixed immediately after their preparation (i.e., for tMAT = 
0, Figure 4.24(a)) but changes to a globular (heterogeneous) structure with prior 
maturation of the alkoxysilane solution A(G0.12) (as for tMAT = 0.5 in Figure 4.24(b) 
and for tMAT = 0.7 in Figure 4.24(c)). Interestingly, the globular morphology does not 
affect the transparency of the system significantly, and the hybrid reverts to a 
homogeneous structure at higher Si02 levels even after prolonged maturation 
periods (tMAT = 0.5, Figure 4.24(d)). 
In comparison to S/A(G0.12), the homogeneity of hybrids from the S/C(G0.12) 
mixture (Figure 4.25) appears to be affected even less by the maturation of the 
alkoxysilane. lt is possible that the solubility of the silicate precursor is greater in the 
solvent mixture of NMP and DMF, (which results from the combination of C(G0.12) 
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and the PAA solution), than in the mixture of NMP and EtOH, in the presence of 
A(G0.12). An additional cause for the higher resistance of S/C(G0.12) to phase 
separation is possibly linked to the state of condensation of the silicate at the point of 
gelation. This is in reference to the difference in gel development between solutions 
of DMF and EtOH, and the impact it would have on the mechanism of phase 
separation. A more detailed treatment of this issue is attempted later. 
The surface of the S/A(O) sample (without coupling agent) displays extensive 
ductile tearing, indicating the predominance of the influence of the polyimide phase 
(Figure 4.26(a)). Furthermore, the sample exhibits no globular morphology. it is worth 
noting that similar uncompatibilised samples in the studies of Mascia and Kioul 
[147,148] and Morikawa et al. [141,142] based on the PMDA-ODA polyamic acid, 
which has a higher molecular weight than the BTDA-MDA Skybond polyamic acid, 
displayed a much coarser morphology with clearly defined, smooth boundaries 
between the segregated phases. it follows that this morphological enhancement is 
related to the presence of Skybond and results from the more· intimate mixing with 
the siloxane phase, made possible by the use of the low molecular weight BTDA-
MDA system. Pre-matured solutions of A(O), however, do display the same tendency 
as A(G0.12) for producing irregularly-shaped particulate morphologies (see Figure 
4.26(b)). 
b. Hybrids based on the isoimide oligomer 
The SEM micrographs taken on fracture surfaces of Thermid-based hybrids are 
shown in Figures 4.27-4.29. The resistance of the compatibilised hybrid mixture 
T/A(M0.16) to phase separation, even after very long periods of maturation (tMAT = 
0.95), is evidenced by the absence of a particulate structure (see Figure 4.27). 
Contrasted with the grossly phase-separated morphology of the uncompatibilised 
hybrids in Figures 4.28 and 4.29, this observation suggests that the structural 
homogeneity seen in compatibilised Therm id hybrids is due to the use of the MPTMS 
coupling agent and not to the low molecular weight of the oligomer. 
Any possibility of direct bonding between the silicate and the polyimide without the 
presence of coupling agent may be discounted. Evidence for this is found in the lack 
of adhesion between the silica particles and the surrounding polyimide matrix in the 
• 
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uncompatibilised films (as suggested by the fact that the particles become readily 
dislodged from the matrix). 
The segregated silica particles in matured uncompatibilised formulations (Figure 
4.28(b)) tend to develop a broader size distribution than non-matured samples 
(Figure 4.28(a)). The microstructure of the film in Figure 4.28(b) for instance, shows 
particles ranging from sub-micron dimensions to roughly 12 ,urn in diameter. In Figure 
4.29 the concentration and smaller size of the resultant particles reflect the amount of 
silica present, which is half that of the samples in Figure 4.28, where the weight ratio 
of TEOS to oligoisoimide equals 1.0. This reduction in the proportion of silicate is 
easier to detect directly in uncompatibilised Thermid hybrid formulations, where (in 
contrast to compatibilised samples) the silicate is entirely immiscible with the 
surrounding matrix and, therefore, its approximate concentration is optically 
observable. 
4.5.2 TEM Study 
The structures of Skybond hybrid film compatibilised with two levels of GOTMS 
are shown in Figure 4.30. The TEM micrographs reveal in both cases a continuous 
silicate network, which is visible as connected dark domains, with a skeletal width of 
approximately 10 nm. In contrast, the uncompatibilised film S/A(O) in Figure 4.31 has 
a grossly segregated morphology, with the silicate-containing phase embedded in 
the soft polyimide matrix. In examining the nature of the ablation effected by 
exposure to the electron beam inside and around the particles (Figure 4.31(b)) one 
observes that the polyimide does not only surround the particles but also exists as a 
minor phase within them. This observation is consistent with the fact that the silicate 
particles are soft enough to be readily cut by microtoming rather than get dislodged 
from the matrix (as is the case of uncompatibilised Thermid-based samples -not 
shown). 
Lowering the TEOS content in compatibilised hybrids to half, where TEOS: PAA = 
0.5 by weight, has no effect on the continuity of the silicate network (see Figure 4.32). 
However, lowering it further to one fifth of the standard dose, to give a theoretical 
silica content of approximately 6.3% by weight, results in disruption of the network's 
continuity and macroscopic segregation to silica-rich and polyimide-rich phases 
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(Figure 4.33(a)). A high magnification image of the photo-etched polyimide-rich 
phase reveals the existence of a secondary dispersed structure (Figure 4.33(b)). 
Efforts to obtain higher resolution images in order to determine whether the domains 
observed form a network were unsuccessful. 
The TEM image of the compatibilised sample S/A(G0.12), produced using a 
diluted solution of the polyamic acid, where the solids content was set at 16.74% in 
NMP, is shown in Figure 4.34. The higher miscibility existing between the organic and 
inorganic precursors owing to the higher amount of NMP present has to be the major 
factor responsible for the finer network observed. However, the fact itself that NMP 
enhances the morphology of hybrids appears to be in contradiction with the principle 
that the coarsening of phases is encouraged by delayed gelation -which is a proven 
effect of the solvent in excess amounts. 
4.6 INTERACTIONS OF THE COUPLING AGENT WITH THE POL YIMIDE 
PRECURSOR 
4.6.1 Infrared Spectroscopy Study 
a. Polyamic acid- GOTMS 
The infrared spectra of pure Skybond at three levels of cure, obtained according 
to the procedure in section 3.5, are shown in Figure 4.35. The band assigned to the 
imide ring C-N-C stretch at around 1375 cm·1 is already visible in the uncured dried 
polyamic acid film, indicating a certain amount of imidisation having taken place. This 
band grows with curing. at the intermediate curing temperature of 15o•c and reaches 
its highest intensity after a short treatment at 300•C. 
The spectra of three dried films, two of which are based on binary formulations of 
polyamic acid and GOTMS, appear in Figure 4.36. Evidence of the existence of 
silicate species originating from the alkoxysilane portion of the coupling agent is 
found in the frequency range 1100-1020 cm·1. Although the systems of bands 
attributed to the asymmetric Si-0-Si stretch at 1100-1080 cm·1 and to the Si-0-C 
stretch at 1090-1 020cm·1 are overlaid by the bands attributable to the polyamic acid 
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solution, it is still possible to qualitatively determine the growth of these peaks with 
increase in the amount of GOTMS. However, peaks assigned to the epoxide group, 
which are known to occur at various locations within the fingerprint region and in the 
C-H region, specifically, between 2990 and 3050 cm·1, are not visible, possibly due 
to interference from neighbouring bands. 
The binary mixtures display an increased intensity of the band in the region 3300-
3450 cm-1, which is known to be characteristic of primary and secondary aromatic 
amines (see Figure 4.36(a)). This fact alone suggests that degradation of the 
polyamic acid by chain scission occurs to some extent as a result of interactions with 
GOTMS producing a larger number of amine terminal groups. Any reaction between 
the epoxide groups of GOTMS and PAA acid groups or anhydride terminal groups 
produced as a result of chain scission, on the other hand, would be expected to yield 
esters which would decompose at elevated temperatures to allow imidisation to 
continue. However, no unequivocal evidence was found to confirm the presence of 
esters (at 1750-1725 cm-1) or indeed of conjugated 5-membered anhydride rings (at 
1760 cm-1 and 955-895 cm-1 ). 
After curing at 300•C, the spectra of the fully cured polyamic acid and those from 
binary mixtures of polyamic acid with GOTMS show a greater resemblance to each 
other than before curing, mainly because of the removal of volatile matter (including 
NMP, as suggested by the disappearance of the CH2 bending band at 1409 cm-1). 
The existence of the broad silicate band (1100-1020 cm-1) is evident in the binary 
mixtures and appears more developed for sample S+(G0.48) (see Figure 4.37). 
To determine whether the presence of GOTMS during curing affects the extent of 
imidisation, the optical density area of the imide band at 1375 cm-1 in the polyimide 
control has been compared with those of the binary samples. Optical density areas 
were obtained by subtraction of any interference to the imide band and integration to 
an adjusted baseline. They were subsequently normalised against the aromatic band 
at 1510 cm-1 that was found to be invariant during curing and suitable for use as an 
internal standard. The normalised optical density area ratios of the three films after 
full cure at 3oo•c are shown in Table 4.3. A comparison of these ratios shows that 
there is a slight improvement in the conversion of polyamic acid to polyimide in the 
presence of small amounts of GOTMS. However, at higher concentrations of the 
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coupling agent, imidisation is noticeably impaired, as the reduced optical density ratio 
of sample S+(G0.48) illustrates. 
Table4.3 
Optical density ratios of the Skybond polyimide and binary films cured at 300°C 
Sample 
s 
S+(G0.12) 
S+(G0.48) 
GOTMS:S(PAA ) 
weight ratio 
0 
0.136 
0.545 
b. lsoimide oligomer. MPTMS 
Optical density ratio of IR bands: 
Imide (1375 cm·1)/Aromatic(1510 cm-1) 
3.552 
3.621 
3.171 
Infrared spectra of films from Thermid in the form of dried oligoisoimide and fully 
cured polyimide are shown in Figure 4.38. The intermediate state, achieved by curing 
at 150°C, is represented by spectra obtained dynamically at that temperature. Figure 
4.39 follows the isomerisation reaction at 150°C by showing the development of the 
1781 cm·1 and 1808 cm·1 bands (representing the C=O stretch of the imide and 
isoimide carbonyls, respectively), as a function of time. The reaction is understood to 
be fast, as conversion is virtually complete in the first 8-10 minutes of the 60-minute 
isothermal treatment. 
As expected, crosslinking is not achieved at 150°C, it is however complete after 
treatment of the film at 300°C. This is clear from the spectra in Figure 4.40, showing 
the band assigned to the acetylenic C-H stretch at 3288 cm·1 to be unaffected for the 
full duration of the heat treatment at 150°C, but absent in the spectrum of the fully 
cured film. Similar results on the Thermid IP-600 system have been obtained by 
other studies [117] which showed that the onset of isomerisation precedes the 
crosslinking reactions by about 20 K. The acetylenic groups are known to be involved 
in crosslinking reactions according to equation 2.13 that appears in section 2.2.3.a. 
As can be seen in Figure 4.41, the presence of MPTMS affects both the isoimide 
and the imide contents of the oligomer. The isoimide band at 1808 cm·1 is entirely 
absent in the vacuum-dried binary mixtures T +(M0.16) and T +(M0.48) but present in 
the spectrum of the pure Thermid film, whilst the underdeveloped imide band at 1781 
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cm·1 (clearly seen, despite interference from the solvent system) decreases with 
increase in the amount of MPTMS. 
The normalised optical density area values of the three films obtained after curing 
at 300°C (see Figure 4.42) are shown in Table 4.4. These are areas of the imide 
band at 1725 cm·1 (C=O asymmetric stretch of the imide carbonyl) in the pristine 
polyimide control and the two binary mixtures referenced against an internal 
standard. For the latter, the area of the invariant aromatic ring absorption band which 
is found at around 1480 cm·1 was used. An analysis of the optical density ratios for 
the three samples reveals a significant monotonic reduction in imide content with 
increase in the amount of MPTMS. 
Table4.4 
Optical density ratios of Thermid polyimide and binary films cured at 300°C 
Sample 
T 
T+(M0.16) 
T+(M0.48) 
MPTMS:T(isoim.) 
weight ratio 
0 
0.155 
0.466 
Optical density ratio of IR bands: 
Imide (1725 cm·1)/Aromatic(1480 cm-1) 
0.894 
0.759 
0.692 
The effect of MPTMS on acetylene-related crosslinking reactions has not been 
determined by FTIR, since no spectra were obtained during the isothermal treatment 
of the binary films at 150°C and no information is available from the spectra obtained 
at 80°C, due to the absence of adequate thermal activation at such low temperature. 
As with Skybond-GOTMS binary films, the intensity of the silicate absorption bands 
(1100-1020cm'1) reflects the amount of mercapto coupling agent present in Thermid. 
However, none of the known weak absorptions attributed to mercaptans were 
detected in the dried films at the usual frequencies (2540-2590 cm·1 for the S-H and 
550-700 cm·1 for the C-S bond stretches). One reason for this relates to possible 
background interference, although involvement of the S-H group in reactions with 
the oligoisoimide is also possible. 
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4.6.2 Differential Thermal Analysis Study 
a. Polyamic acid- GOTMS 
The thermograms that form part of this study, were obtained according to the 
procedure in section 3.6. Figure 4.43 shows overlaid thermograms of vacuum-dried 
and partially imidised films of Skybond polyamic acid and also of the fully imidised 
Skybond polyimide. The dried film displays a broad endothermic peak at 180°C and 
another at 21 0°C. 
Previous studies with PMDA-ODA polyamic acid [91] suggested that the first peak 
is related to the decomplexation of the high boiling NMP solvent H-bonded to 
carboxylic and amide groups, whilst the second one is due to the thermally-activated 
imidisation process. Interestingly, the decomplexation peak obtained with a scanning 
rate of 20 K min·1 was sharper and better defined from the rest of the trace, and 
occurred at a lower temperature, around 150°C. This would suggest that the shallow 
decomplexation peak in BTDA-MDA Skybond is a consequence of the pre-drying 
treatment at aooc which possibly strips off a large proportion of the NMP, leaving 
behind only the more strongly-bound molecules. 
After isothermal treatment at 150°C for 60 minutes, the decomplexation of solvent 
in the PAA film is reduced because most of the solvent is removed, though not 
completely eliminated. This is apparent from the appearance of the imidisation peak 
which is very broad, probably due to overlap of the limited decomplexation and the 
imidisation processes. One also observes that there is an upward shift of 
approximately 25°C in imidisation temperature. This is very likely due to the reduced 
catalysis of imidisation by complexed NMP (see section 2.2.2 (a)) and also the lack of 
adequate plasticisation normally provided by decomplexed NMP. After curing at 
300°C, no deflections to the baseline are observed. The small endotherms occurring 
at all the levels of cure below 70°C are thought to be related to desorption of 
atmospheric moisture, although, in the case of the film treated isothermally at 150°C, 
the association of the endotherms to anhydride and amine formation also cannot be 
ruled out. 
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The effect of GOTMS in binary mixtures with the polyamic acid as revealed by 
DTA is twofold. The thermograms of vacuum-dried films in Figure 4.44 show that the 
presence of the epoxy coupling agent reduces the size of both the decomplexation 
and the imidisation peaks. Menoyo et al. [166] have proposed that GOTMS in 
solution with polyamic acid acts as a decomplexing agent which, in turn, has the 
effect of promoting imidisation at a lower temperature. Therefore, it is possible to 
hypothesise that in binary mixtures the amount of complexed solvent is reduced 
because more of it has been decomplexed by GOTMS during the drying procedure. 
With a lower number of NMP molecules per PAA unit obstructing cyclisation, the 
temperature of imidisation is reduced and the imidisation peak shifts to the left of the 
trace to merge with the diminished decomplexation peak. 
b. /soimide oligomer- MPTMS 
In Figure 4.45 are shown overlaid thermograms for films of vacuum-dried, partially 
cured and fully cured Thermid. The thermogram of the dried film displays an 
endotherm at 1ao•c due to the evaporation of NMP and an exotherm at 2so•c 
associated with crosslinking reactions. 
In DSC investigations of neat Thermid IP-600 resin [116], Huang and Wunder 
have demonstrated that isomerisation and crosslinking occur simultaneously over a 
wide temperature range (the precise value of which is dictated by experimental 
conditions) and are both associated with exothermic changes. Consequently, the 
thermogram they obtained at a scanning rate of 15 K min-1 was dominated by a 
single exotherm spanning a range between 182°C and 319•C, which showed closer 
similarity to the thermogram corresponding to the partially cured film in Figure 4.45. 
The absence here of an endotherm after isothermal treatment at 15o•c reflects the 
efficient removal of NMP. lt is to be reminded that NMP is easier to remove in the 
Thermid pre-polymer because there are no possibilities for complexation available to 
the solvent. The substantial decrease in the enthalpy related to the exotherm, 
however, can be attributed to two main factors: the lack of contribution from 
isomerisation reactions (which are already completed fast at 150°C}, and the fact that 
crosslinking takes place in a more rigid environment (comparable to that of the 
oligoimide analogue Thermid MC-600), as a result of the completed isomerisation. 
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The presence of the mercapto coupling agent causes a decrease in both the 
endothermic and the exothermic peaks (see Figure 4.46). Whilst it could be argued 
that the endothermic change is merely caused by the partial substitution of NMP with 
the mercaptosilane (due to a dilution effect and the fact that any exothermic 
condensation reactions occurring in the trialkoxysilane portion would counteract the 
endotherm), the exothermic change must be attributed to a reduction in the extent of 
the crosslinking reactions; the high temperature at which the exotherm occurs 
supports this assessment. The occurrence of this reaction would also affirm the view 
that compatibilisation between Thermid and the silicate network in hybrid systems is 
achieved via direct linkages established by reactions of the mercapto functionality of 
the coupling agent and the acetylene terminal groups of the oligoisoimide. In such a 
case, the number of acetylene groups available for addition reactions would be 
reduced in the way implied by the change in the magnitude of the exotherm. 
4.6.3 Thermogravimetric Analysis Study 
a. Polyamic acid· GOTMS 
The thermogravimetric (TG) data obtained under nitrogen purge for vacuum-dried 
films of Skybond polyamic acid and films produced from binary mixtures with GOTMS 
are shown in Figure 4.47. These TG curves are dominated by two main weight loss 
steps, the first of which (at approximately 144•C forS and S+(G0.12) and go•c for 
S+(G0.48)) is attributable to the loss of NMP and dehydration water from the 
polyamic acid, and the second (around 500•C) to thermal degradation. Apart from its 
distinctly lower weight loss temperature at the initial stages of pyrolysis, sample 
S+(G0.48) maintains a margin of higher weight loss up to temperatures in excess of 
soo•c, with a sole exception in the range 185-3so•c. The profile of sample 
S+(G0.12), on the other hand, bears a greater similarity to the control, with a 
constant margin of lower weight loss throughout. Subtle differences between the TG 
curves are better noted in the derivative plot (Figure 4.47(b)). 
The more hygroscopic character of the binary sample with higher GOTMS 
content could be responsible for the early low-temperature weight loss, by 
desorption of moisture. Any association with possible evaporation of unreacted 
excess GOTMS from sample S+(G0.48) is not tenable, as the boiling point of the 
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unhydrolysed GOTMS at atmospheric pressure is 290°C [167]. In support of this 
fact, a one-off experiment with a sparingly hydrated hybrid formulation has shown 
that the trialkoxysilane moiety reacts with the existing water (and water from PAA 
dehydration, possibly) to yield amounts of silicate similar to those expected from 
hybrids obtained according to the normal preparation method described in section 
3.1.2 (see Table 4.5). lt is noted that in Table 4.5 the precursor alkoxysilane solution 
A* of the hybrid mixture S/A*(G0.50) contains half the amount of water and double 
the amount of EtOH present in solution A of the S/A(G0.12) mixture. The pure Si 
standard is included for comparison purposes only. 
Table 4.5 
Energy Dispersive X-ray (EDX) Microanalysis data of hybrid films 
Sample film 
Pure Si 
S/A(G0.12) 
S/A*(G0.50) 
Pure Skybond 
EDX microanalysis Net Integral 
( Si Ka x-ray counts) 
153,328 
9,601 
10,265 
77 
The fact that a lower amount of residue of the polyamic acid control is seen 
between 185°C and 280°C (i.e., around the NMP boiling point of 204°C) may be 
solvent-related, in other words, connected with the proportion of NMP found in the 
samples. Furthermore, the removal of hydroxyl groups from uncondensed silanol is 
most likely to be responsible for the proportionally greater weight losses of both 
binary mixtures encountered between 350°C and 550°C. However, for S+(G0.48) in 
particular, a possibly lower imide content would also be expected to play a part in its 
overall stability in this temperature range. 
b. lsoimide oligomer- MPTMS 
Contrary to the case of Skybond-based samples, both of the Thermid-based 
binary mixtures have a lower initial weight loss temperature than the isoimide control 
(Figure 4.48), indicating a consistent drop in thermal stability. Their weight loss is 
constantly higher than of the parent Thermid, except for T +(M0.48) between 205°C 
and 385°C. This temperature range is similar to that encountered in the case of 
Skybond-based films and, consequently, the same comments apply here. 
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4.7 THERMOXIDATIVE STABILITY OF POLYIMIDE AND HYBRID FILMS 
4.7.1 Cured Films 
Pure polyimide and polyimide-silica hybrid films were pyrolysed in air as described 
in section 3.7.2.a. Thermogravimetric measurements commenced after a brief 
thermal treatment at 400°C, and for this reason, all samples were presumed fully 
cured and free of volatiles at that temperature. 
From Figure 4.49 it is observed that the thermoxidative stability (in terms of 
reduced weight losses) of the Skybond-based samples increases with silica content. 
The initial level of coupling agent in the precursor alkoxysilane solution, on the other 
hand, is important also, since, above ea 570°C, stability is not solely dependent on 
the amount of the residue of silica but also on the effect that the amount of GOTMS 
has on the stability of the polyimide base (Figure 4.50). Although the addition of 
uncompatibilised silica clearly decreases weight loss, as noted by the decrease in 
amplitude of the initial derivative peak, larger decreases in weight loss are achieved 
by inclusion of GOTMS in formulations at a molar ratio of 0.12. In contrast to this 
effect, at the higher GOTMS:TEOS molar ratio of 0.48, the actual weight loss of the 
resultant hybrid between 400°C and 61 ooc exceeds that of the control polyimide, but 
this relationship is reversed above 610°C due to the silica residue in the hybrid. The 
theoretical and experimental values for the amounts of residue (i.e., of pure silica) at 
700°C are in good agreement and are reported later in Table 4.8. 
According to the TG profiles in Figure 4.51, the silica which originates from a type 
C (DMF-containing) solution provides similar thermoxidative enhancement to the 
polyimide matrix as the. silica from a type A (EtCH-containing) solution. However, the 
behaviour of the hybrid with the mixed polyimide (Skybond-Pyralin) component 
shows a greater resemblance to that of the pure polyimide, indicating a lower 
thermoxidative stability than that possessed by the S/A(G0.12) analogue. 
In terms of thermoxidative stability, Thermid-based samples compare favourably 
with Skybond formulations, and this is made obvious by the weight loss onset 
temperatures listed in Table 4.6 (see next page). In Figure 4.52, above 600°C, the 
Thermid-based hybrid containing silica compatibilised with MPTMS of a formulated 
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molar ratio of 0.16 displays a superior performance to the polyimide control. At a 
molar ratio MPTMS:TEOS = 0.48, the hybrid (T/A(M0.48)) behaves in a similar 
manner to the Skybond equivalent, whereby its weight losses clearly exceed the 
losses of the control. Hence, as in the case of Skybond-based formulations with 
excess amounts of coupling agent, this behaviour is related to a degradative process 
as well as to a reduction in the crosslinking density of Thermid. 
4.7.2 Effect of Post-Curing 
The TG curves that appear in Figure 4.53 represent the weight losses of Skybond 
and Thermid-based hybrids, with and without a coupling agent, during a 1 0-hour 
post-curing period. The weight losses incurred by the coupling agent-free films are 
evidently the lowest, suggesting that any losses in the compatibilised films are 
associated with the coupling agent. These could be directly related to the removal of 
the organofunctional group, which may persist inside the hybrid in some form even 
after imidisation, and/or a greater extent of degradation of the polyimide matrix as a 
result of the addition of the coupling agent. 
Table4.6 
Thermoxidative stability indicators for fully cured polyimide and hybrid films 
Sample Onset weight loss Initial derivative ~eak 
temperature (•c)<1> Amplitude Tem~erature (•C) 
s 588 0.71 622 
S/A(O) 586 0.33 623 
S/A(G0.12)*0.2 <2> 585 0.54 621 
S/A(G0.12) 588 0.24 635 
(S2P1 )/A(G0.12) <3> 598 0.59 630 
S/A(G0.48) 568 0.41 620 
S/C(G0.12) 580 0.37 628 
T 606 0.36 640 
T/A(O) 606 0.20 630 
T/A(M0.16) 600 0.28 640 
T/A(M0.48) 602 0.67 640 
(1) Obtained by tangent intersection at the low-temperature side of the base of the initial derivative 
peak. 
(2) The number following the asterisk represents the weight ratio ofTEOS to PAA. 
(3) The "S2P1" polyimide precursor consists of 2 parts Skybond 703 and 1 part Pyralin® Pl-2540 
polyamic acids, mixed at room temperature by shaking as a 33.3% solution in NMP for 30 minutes. 
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The possibility of an incomplete removal of the coupling agent after curing at 
300°C is plausible on the basis of the observed difference in weight loss between the 
uncompatibilised and the compatibilised samples, which lies within the theoretical 
weight fraction of the organofunctionality relative to a fully reacted system (Table 4. 7). 
At any rate, from the data in Figure 4.53, it is evident that the adverse effect due to 
·' 
the presence of a coupling agent on the thermoxidative stability of hybrid films is far 
higher in the polyamic acid-derived systems compatibilised with GOTMS than in the 
Thermid-based systems compatibilised with MPTMS. 
Table4.7 
Experimental and theoretical values of coupling agent-related weight losses 
Sample 
S/A(G0.48) 
T/A(M0.48) 
Weight loss difference after 
10 hours post-curing (%) <1l 
9.35 
2.07 
Theoretical content of 
coupling agent volatiles (%) <2l 
16.69 
13.45 
(1) Weight loss difference between compatibilised and uncompatibilised systems; quantitative 
data obtained from the tests represented in Figure 4.53. 
(2) Based on maximum weight of unreacted organofunctional group of the coupling agent, 
ratioed against the total weight of an otherwise fully reacted system, free of solvents, water and 
catalyst, at the beginning of the post-curing period. · 
4.8 EFFECT OF FABRICATION METHOD AND MATRIX FORMULATION 
ON COMPOSITE MICROSTRUCTURE 
Practical observations show that the fabrication method, as well as the formulation 
of the matrix play a significant role in determining the microstructure of composites, 
mainly in terms of fibre distribution and void formation. 
The Skybond hybrid-based composite in Figure 4.54 is prepared by method I and 
suffers from inadequate fibre dispersion and high voidage. The prepreg is composed 
of carbon fibre (whose target value of the entire mould cavity is 70%), and excess 
resin. During compression, resin is expelled from the prepreg until the two mould 
halves make contact at the shoulders. With the pressure applied very slowly, it would 
be expected that the prepreg in the cavity reaches the desired resin-to-fibre 
proportion. However, resin escaping at 90° to the direction of the fibres has a 
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tendency to carry the fibres sideways up the gap formed by the existence of a draft 
angle between the mould halves. This creates waste "flanges" and not only causes 
the fibre content of the prepreg to alter significantly, but also gives rise to voids as the 
volume occupied by the prepreg inside the mould cavity is less than the volume of 
the mould cavity. In this way, no consolidating pressure can be sustained and the 
matrix fails to bind the fibres property. 
The composite produced by method Ia in the modified mould appears in Figure 
4.55. The removal of the draft angle has meant that direct pressure could be applied 
during curing on the prepreg, hence better binding of the fibres is achieved. On the 
other hand, problems of voidage and insufficient resin impregnation remain. Voids 
are mainly formed by entrapment of the volatilised high boiling solvent and water of 
imidisation, as suggested by the shape of voids such as those in the lower half of the 
electron micrograph. Impregnation is problematic, leading to matrix-rich regions, 
particularly along the line where the upper and lower halves of the fibre windings 
meet, possibly due to the applied pressure being too low to force the already gelled 
resin (S/A(G0.12)) through the fibre bundles. As Figure 4.55 illustrates, cracks are 
easy to initiate at defects such as voids and their propagation is encouraged along 
fibre-depleted regions (Figure 4.55(a)) or along the boundaries of these regions with 
fibres (Figure 4.55(b)). 
An additional difficulty which is related to methods I and la but is not apparent in 
the micrographs is that, occasionally, the fibres do not run parallel over the entire 
specimen, as a result of flexing during compression at the initial stages of curing. The 
use of a narrower mould cavity, as described for methods IT-Ilia (see section 3.1 0.1 ), 
eliminates this problem by restricting the direction of flow of the escaping resin (and 
related transverse stresses) more effectively. The 14 double-ply composite which is 
based on hybrid S/A(G0.12) and is prepared by method II, however, does not 
represent a substantial improvement over the equivalent composite prepared by 
method la in terms of void formation and fibre distribution (Figure 4.56). In contrast, 
the benefit of utilising a matrix resin with a lower rate of gelation, namely, the 
Thermid-based T/A(M0.16), is evident as far as fibre distribution is concerned, 
although void formation does remain significant (Figure 4.56(b)). Method Ila marks a 
large improvement in the structural quality of composites. The cross sections of 
composites based on resins S/A(G0.12) and T/A(M0.16) shown in Figure 4.57 
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indicate that pre-compression during the drying stage improves the impregnation of 
the resin, whose viscosity is suitably low to allow this. 
Vacuum in method Ill was intended to increase the efficiency of the drying 
process, in this way reducing its duration and, in the case of the hybrids, 
temperature. The underlying hypothesis is that the alkoxysilane component of hybrid 
matrices is bound to be in a lower state of gelation the shorter the period of drying 
and the lower the temperature used, thus offering improved flow characteristics 
during the hot-pressing operation. The structure of the composite containing the 
hybrid S/C(G0.12) in Figure 4.58 has a low content of well dispersed voids and good 
fibre distribution. The sample containing the parent polyimide S, however, displays a 
slightly higher void content, perhaps reflecting the higher proportion of NMP initially 
present. The corresponding Thermid-based composites in Figure 4.59 compare in 
the same way. 
lt is worth noting that the sample with S/A(G0.12) as matrix, ·in Figure 4.58, is of 
poorer quality. Interestingly, this hybrid resin has been found to have a shorter gel 
time than both S/C(G0.12) and T/A(M0.16), confirming that gelation kinetics play an 
important role in flow characteristics (and fibre impregnation). In fact, following 
method Ill, it is impossible to successfully obtain prepregs from resins which gel 
faster than S/A(G0.12), such as S/A(G0.48). Maintaining the resin at a low 
temperature according to method Ilia, on the other hand, appears to resolve this 
problem. The structure of the sample shown in Figure 4.60 is typical of all the 
composites prepared using this method. 
4.9 COMPOSITION OF CURED RESINS AND COMPOSITES 
The silica weight fraction in hybrid matrices and the carbon fibre volume fraction 
(f/) of various composites were calculated according to the methods described in 
sections 3.7.2.a and 3.12, respectively. Raw data were obtained by means of TGA. 
Theoretical values of the amount of silica contained in the matrix resins were 
estimated by making the following assumptions: 
• Silica yield from 1 mole ofTEOS: 28.84% 
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• Silica yield from the trialkoxysilane portion of 1 mole of GOTMS: 19.07% 
• Silica yield from the trialkoxysilane portion of 1 mole of MPTMS: 22.95% 
• Polyimide yield per Skybond PAA repeat unit: 93.21% 
• Polyimide yield per Thermid oligoisoimide repeat unit: 100% 
A summary of the results appears in Table 4.8 (see next page). lt is noted that 
both the porosity and the fibre volume fraction reported are very high. Void contents 
around 10% are not unusual, since similar values have been reported even for 
autoclave-cured systems [119]. However, the fibre fraction is considered extremely 
high, because values around 80% are in practice the maximum achievable. In that 
sense, the high 1-f is an undesired side-effect of the positive pressure used during 
preparation (Method Ilia) to eliminate a high proportion of the voids created by 
entrapped NMP solvent and to ensure good fibre distribution. In general, mechanical 
properties are expected to deteriorate at extreme fibre volume fractions due to the 
intensification of interlaminar shear as a result of close proximity between the fibres. 
On the other hand, because the same technique was used ·in preparing all the 
composites, semi-quantitative comparisons are instructive. 
4.10 EVALUATION OF POLYIMIDE AND POLYIMIDE-SILICA MATRIX 
PROPERTIES 
4.10.1 Dynamic Mechanical Properties 
The dynamic mechanical spectra in Figures 4.61 and 4.62 reveal that post-curing 
at 300°C causes a drop in the storage modulus (E) of both the pure Skybond and 
Thermid-based composites. This reduction in rigidity with prolonged post-curing 
results from an increase in voidage. The elimination of residual solvent (observable 
as a shoulder just below the a-transition peak in the tan o spectra of the composites 
before post-curing) and additional crosslinking reactions known to occur during post-
curing have the effect of increasing the glass transition. Therefore, the overall 
observed behaviour may be assumed to be the net result of the two opposing 
phenomena. 
a • • • • 
Table 4.8 
Silica contents of polyimide-silica hybrid resins and carbon fibre contents of corresponding polyimide- and hybrid-matrix composites 
Sample Si02 content (wt%) TGA raw data <2> CF mass fraction Bulk density C F vol. fraction <2> Porosity (estimated) <1> MCF(%) <2> Pc (g cm-1) <3> vol. fraction (%) <2> 
( m7oo) ( m6oo) 
Vr (%) V',(%) <Vr- V',) 
Excl. porosity Incl. Porosity 
m4oo F m4oo c 
s 0.0 0.0 93.4 93.4 1.49 91.5 78.6 12.9 
S/A(O) 23.6 22.8 
S/A(G0.036) 24.1 23.7 94.6 93.0 1.52 90.1 79.8 10.3 Q 
S/A(G0.12)*0.2 6.3 7.0 95.7 95.4 1.50 93.9 80.9 13.0 '§. 
"'" S/A(G0.12)*0.5 14.3 15.0 94.4 93.4 1.51 91.0 79.7 11.3 .... ,., 
S/A(G0.12) 25.0 25.8 92.6 90.0 1.49 86.1 75.8 10.3 .. 
(S2P1 )/A(G0.12) 25.0 25.9 95.6 94.1 1.49 91.7 79.2 12.5 (;? 
S/A(G0.12)[0.8) <4> 25.0 25.0 96.2 94.9 1.51 92.8 81.0 11.8 \i1 1:;:' 
S/A(G0.48) 29.0 29.7 92.8 89.8 1.47 85.6 74.6 11.0 
S/C(G0.12) 25.0 23.8 91.4 88.7 1.52 84.5 76.2 8.3 
T 0.0 0.0 90.8 90.8 1.52 88.2 77.9 10.3 
T/A(O) 22.4 22.6 
T/A(M0.16) 24.5 25.4 94.8 93.0 1.52 90.1 79.8 10.2 
T/A(M0.48) 28.5 30.3 95.8 93.9 1.49 91.3 79.1 12.2 
(1) See section 4.9 for a list of assumptions 
(2) See section 3.12 for the use of experimental data in the calculation of the various compositions 
(3) Bulk density obtained as detailed in section 3.13. 
(4) The number in square brackets represents tMAT· 
~ 
"' ~
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In any case, the obtained E' values are low (for instance, in comparison to 
published results from a similar experimental set-up for a PMDA-ODA film where E' in 
the glassy region is approximately 1.9 GPa [147], or even compared to the shear 
modulus of semi-crystalline oligoimide matrix-carbon fibre composites (V,: 48-60%) 
obtained using a torsion pendulum DMA set-up [168), where G' in the glassy region 
is approximately 1.3 GPa). The discrepancy between the present results and those 
published for the systems mentioned is possibly due to the very high void contents 
and the high fibre-to-matrix ratio of the composites. Nevertheless, taken in relative 
tenms, the data follow a logical trend. 
The first observation that can be made on the effect of the presence of the silicate 
phase in Skybond is the disappearance of the tan o shoulder associated with the 
presence of residual solvent (see Figures 4.63 and 4.64). Notably, the reinforcement 
provided by higher amounts of silicate in the matrix also leads to lower damping at T, 
(F.igure 4.63). The second point to be noted is the lowering of the modulus when 
large amounts of coupling agent are used (Figure 4.64 and 4.65). In Thermid-based 
matrices, this is accompanied by a severe drop in T,, signalling a significant 
deterioration in mechanical properties due to a reduction in crosslinking density. 
Figure 4.66 shows the dynamic spectra of sample S/A(G0.12) in which the 
precursor alkoxysilane solution was matured for a period equal to 80% of its gel time 
prior to its addition to the polyamic acid. The lowering of the modulus and the small 
reduction in T, observed are clearly attributable to a decrease in compatibility 
between the polymer and the sol-gel component as a result of the higher molecular 
weight with which the silicate species enter the hybrid mixture. The spectra of 
S/A(G0.12) in Figure 4.67 show that the post-curing process in Skybond-based 
hybrids has effects similar to those in the parent polyimides. For T/A(M0.48) in Figure 
4.68, the effect is even more dramatic, as the 1 0-hour heat treatment increases its T, 
by 110-115 K, showing that the crosslinking density recovers substantially. 
In the foregoing comments, it has been presumed that the contribution of the 
matrix to the dynamic mechanical properties of composites is higher than any 
contribution by interfacial material between the bulk matrix and the fibres. In fact, 
Reed's studies of a unidirectional epoxy/glass composite system (169) have shown 
that the damping of composites in flexure approximates that of the matrix as the 
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direction of the fibres relative to the axis of the specimen is changed from oo 
(longitudinal) to 90° (transverse). Conversely, at low angles more of the load is 
carried by the fibres, so under such conditions there is greater sensitivity in detecting 
the properties of the interfacial region. In agreement with the findings of Theocaris 
and Papanicolaou [170], Reed detected an increase in a new glass transition above 
the Tg of the matrix which he attributed to a heterogeneous phase induced by the 
fibre. 
Here, taking the example of sample S/A(G0.12) oriented at oo to the direction of 
the fibres (see Figure 4.69), it may be remarked that the change in Tg observed can 
be explained as the effect of an interlayer produced by possible interactions of the 
epoxy sizing on the fibres with the hybrid matrix. As the new transition occurs below 
the normal Tg of the matrix, this indicates that the interlayer is less thermally stable; 
however, the fact that there is no secondary tan o peak also suggests that it is 
reasonably homogeneous. 
4.10.2 Static Mechanical Properties 
The procedures for measuring the interlaminar shear strength and flexural 
properties of composites are outlined in section 3.15 and a summary of these results 
is shown in Table 4.9 (see next page). 
The ILSS values reported for the unaged samples are low compared to published 
results. For instance, elsewhere [171] the room temperature ILSS of samples whose 
compositions approximate those of the Skybond-based S, S/A(G0.12)*0.2 and 
S/A(G0.12)*0.5 is in the region of 90.0, 80.0 and 60.0 MPa, respectively, i.e. about 
2.5-3 times higher. However, the fibre content of these composites was estimated to 
be around 70% by weight, which is substantially lower than for the samples from this 
work, where the fibre weight content is around 90%. This fact supports the 
hypothesis that the low ILSS values obtained in this study are primarily due to the 
high fibre content. On the other hand, the flexural properties benefit from this, as is 
evident from the high values in Table 4.9 which compare favourably with those from 
the cited study [171] obtained at 280°C (where the flexural strength ranges from 170 
to 280 MP a and the flexural modulus ranges from 10 to 24 GPa). The data contained 
in Table 4.9 are described in greater detail below. 
Table 4.9 
Summary of interlaminar shear and flexural test results 
Sample 1 
s 
S/A(G0.036) 
S/A(G0.12)*0.2 
S/A(G0.12)*0.5 
S/A(G0.12) 
(S2P1)/A(G0.12) 
S/A(G0.12)[0.8] 
S/A(G0.48) 
S/C(G0.12) 
T 
T/A(M0.16) 
T/A(M0.48) 
Unaged 
(as-cured) 
34.3 (2.6) 
25.6 (7.0) 
26.3 (1.9) 
25.2 (1.1) 
33.7 (1.0) 
8.7 (0.4) 
23.7 (0.3) 
17.2 (1.1) 
17.6 (1.9) 
22.8 (1.7) 
21.0 (1.3) 
20.6 (1.7) 
21.2 (1.2) 22.1 (1.1) 
21.9 (5.5) 24.1 (2.3) 
5.2 (0.3) 4.3 (0.2) 
7.9 (1.1) 6.9 (0.4) 
17.6 (0.6) 17.8 (2.0) 
12.1 (2.6) 11.7 (2.5) 
10.1 (0.9) 11.0(0.1) 
14.5 (1.7) 
6.7 (2.4) 
9.1 (0.4) 
8.0 (0.9) 
18.8 (3.6) 
8.7 (0.9) 
10.5 (2.9) 
20.6 (4.5) 
3.6 (0.2) 
3.2 (0.4) 
Redried at 3oo•c Flexural strength Flexural modulus 
for 15 minutes <3> (MPa) (GPa) 
13.3 
9.5 
8.8 
12.1 
11.9 
416.6 (42.6) 
406.7 (1 0.7) 
289.5 (49.6) 
331.3 (27.8) 
362.4 (5.8) 
144.5 (3.5) 
294.5 (5.0) 
192.0 (0.5) 
224.8 (12.8) 
264.4 (16.6) 
228.0 (37.3) 
168.8 (3.9) 
32.3 (6.2) 
33.0 (1.3) 
31.4 (3.4) 
28.8 (0.8) 
31.3(4.1) 
18.5 (3.0) 
25.7 (1.3) 
20.4 (0.3) 
29.9 (10.8) 
26.3 (3.3) 
24.0 (7.7) 
23.6 (1.3) 
(1) Details of formulations are given in section 3.1.3 and Tables 3.1 and 3.2. The asterisk denotes the weight ratio of TEOS to PAA; the term in square brackets represents 
maturation time, tMAT· No such notation is used for non-matured formulations with a TEOS:PAA weight ratio of 1.0 (standard) 
(2) Bracketed numbers designate the standard deviation values calculated for the batch tested. 
(3) Samples dried in forced convection oven after ageing in water at so•c for 500 hours. 
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a. lnterlaminar shear strength (/LSS) 
Unaged samples 
The manner in which the original GOTMS concentration of the matrix affects the 
room temperature interlaminar shear strength of dry composites is shown in Figure 
4.70. Of those GOTMS:TEOS molar ratios investigated, the one with a value of 0.12 
(i.e., in S/A(G0.12)) displays the highest ILSS, falling within the range of values 
achieved by the parent polyimide. On the other hand, the sample with the highest 
initial level of GOTMS, S/A(G0.4B), represents a large drop in ILSS. In addition, the 
ILSS of the sample whose matrix was prepared using pre-matured alkoxysilane also 
suffers an appreciable drop relative to the non-matured precursor. 
In Figure 4.71, where the ILSS is plotted against the TEOS: polyamic acid weight 
ratio (reflecting, effectively, the amount of silicate in the hybrid matrix), the ILSS goes 
through a minimum close to the middle of the range examined and emerges at 
approximately the same strength value as that registered by the polyimide-only 
system. The composite whose matrix consists of the hybrid SIC(G0.12) containing 
the DMF-based alkoxysilane precursor solution performs poorly compared to the rest 
of the composites included in the plot, regardless of TEOS content. 
In contrast to Skybond-based composites, Thermid-based composites are not 
substantially affected in terms of interlaminar shear strength either by the presence of 
silicate in the matrix or indeed by any increase in the MPTMS concentration in the 
matrix precursor solution (see Figure 4.72). In fact, both in real terms and relative to 
the strength of the parent polyimide, T/A(M0.4B), the hybrid with the highest coupling 
agent loading, has a superior ILSS to the equivalent Skybond-based hybrid. 
Effect of thermal ageing 
The ILSS plotted against ageing time is shown in Figures 4.73 for Skybond-based 
composites and in Figure 4.74 for Thermid-based composites. Ageing was 
conducted at 3oo•c according to the procedure described in section 3.14.1. A drop 
in strength is noted for all the samples involved, as is to be expected from the 
degradation of resins and fibres at elevated temperatures. The pure Thermid 
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composite retains its strength best, but the pure Skybond and S/A(G0.12) samples 
also perform well. However, the higher GOTMS hybrid sample (Figure 4.73) and both 
the Thermid-based hybrids (Figure 4.74) do not retain their ILSS as well. 
The ILSS retention of the composites investigated -defined here as the ratio of the 
post-treatment property value to the original (pre-treatment) value- clearly supports 
this evaluation (see Figure 4.75). lt is emphasised however that although the sample 
with the higher average molecular weight polyimide, (i.e., the mixture of the Skybond 
and Pyralin polyimides) (S2P1)/A(G0.12), appears to compare favourably with 
S/A(G0.48) (since, proportionally, it incurs less strength reduction by ageing) it does 
possess the lowest strength value from the outset. 
Effect of hydrothermal ageing 
With a few notable exceptions, the patterns that emerge from the results obtained 
for wet interlaminar shear strength after 500 hours of treatment are similar to those of 
dry/unaged samples (Figures 4.70-4.72), albeit the strength values are consistently 
lower. The variation of the ILSS of hydrothermally aged samples with the GOTMS 
concentration and TEOS-to-polymer weight ratio in Skybond-based composites, as 
well as the MPTMS concentration in Thermid-based composites, is reported in 
Figures 4.76(a) to 4.78(a). 
Prior to determining the ILSS of hydrothermally aged composites, their water take-
up was measured according to the procedure detailed in section 3.14.2. The water 
absorption curves (Figures 4.76(b)-4.78(b)) show an inverse relationship to ILSS 
results i.e., samples with a greater tendency to absorb water display a larger 
reduction in ILSS. Deviations from this observation are more easily assimilated by 
comparing the water absorption trends with the degree of ILSS retention of 
composites that have undergone hydrothermal ageing (Figure 4.79). In particular, 
given the more extensive plasticisation expected within composites with high water 
absorption, the ILSS values obtained for S/A(G0.48) and S/C(G0.12) can be 
considered abnormally high relative to the rest of the samples. The same 
discrepancy holds for the pure Thermid-based sample (T) which retains more than 
twice as much of its strength as the pure Skybond-based sample (S), despite the 
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lower water absorption of the latter. This makes the ILSS value of the wet Thermid 
sample higher not only with respect to the initial dry value but in absolute terms also. 
lt is also noted that the reduction in ILSS due to water absorption in the 
composites is irreversible, as the strength data of re-dried samples (Figure 4. 77(a)) 
reveal. This would suggest that the absorption of water does not merely cause 
plasticisation but also permanent damage to the composites. As it is evident from the 
water absorption curves, most of the samples do not display a Fickian behaviour, 
which assumes an initial weight gain that is proportional to the square root of the time 
of exposure to the diffusing fluid and independent of concentration. Clearly, the rate 
of diffusion of water is not constant but changes with time, consistent with findings 
elsewhere [172], where this was attributed to increases in free volume and 
microcrack formation. 
In conclusion, by considering the data of Figures 4.75 and 4.79, which remove 
variability due to fibre content differences, it may be said that the deterioration in 
performance of the pure Skybond and the SIA(G0.12) composites is worse after 
hydrothermal ageing than thermal ageing. This condition is reversed with a further 
increase in the GOTMS level. The pure Thermid-based sample retains its ILSS very 
well regardless of the treatment, although the Thermid hybrid-based samples show a 
significant (catastrophic in the case of hydrothermal ageing) reduction in ILSS. 
b. Flexural strength and modulus 
The flexural properties of composites reflect more closely the property of the bulk, 
since, the higher span-to-thickness ratio employed (15-17:1) is affected less by 
interfacial shear stresses (although a ratio of 24:1 for use with a large diameter 
loading nose is also widely used [173]). The flexural strength and modulus of the 
samples examined were obtained at 250°C according to the procedure described in 
section 3.15.1. 
The data in Figure 4.80 show that the flexural strength decreases monotonically 
with increasing the amount of GOTMS used in the hybrid. Specifically, the mean 
strength of SIA(G0.48) is approximately half the value achieved by the pure 
polyimide sample. The flexural modulus undergoes a similar change, although at low 
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GOTMS levels, for S/A(G0.036) and S/A(G0.12), the results fall within the range of 
values of the pure polyimide. Also, the flexural properties of the sample whose 
alkoxysilane precursor solution was pre-matured, S/A(G0.12)[0.8], are lower than of 
the sample with the non-matured matrix. 
On the other hand, increases in the level of TEOS yield more complex results 
(Figure 4.81 ), whereby the flexural strength fluctuates in the mid-range of the plotted 
values but recovers somewhat at TEOS:PAA = 1.0. In the case of modulus, trends 
are less clear due to relatively small variations of the mean values and high standard 
deviation, making any differences statistically insignificant. Nevertheless, at 
TEOS:PAA = 1.0 the modulus of the composite based on the type A solution (which 
uses EtOH as the solvent) is superior to that of the composite based on the mixed 
polyimide (Skybond-Pyralin) hybrid matrix. 
The composites with Thermid hybrid matrices also display a drop in flexural 
strength with MPTMS concentration (see Figure 4.82). The mean flexural modulus, 
however is not significantly affected by the presence of the silicate phase or the 
MPTMS level, and remains largely within or close to the range of values of the pure-
polyimide composite. In all, the proportional change in strength and modulus as a 
result of the presence of compatibilised silicate and an increasing coupling agent 
concentration is lower in Thermid-based than in Skybond-based samples. 
4.10.3 Thermomechanical Properties 
To provide a clearer view of the changes in the coefficient of linear thermal 
expansion (CTE) of polyimides and hybrids taking place during a temperature scan, 
thick mouldings were prepared and tested by thermomechanical analysis (TMA) in 
the manner outlined in section 3.9. The initial run carried out for the Skybond 
polyimide produces CTE peaks at approximately 115°C and 160°C, which are related 
to the volatilisation of water and the organic solvent, respectively (Figure 4.83). The 
Thermid sample, on the other hand, displays only the peak which occurs at 115°C, 
while the corresponding hybrid (T/B(M0.16)) behaves similarly. 
The CTE curve for the Skybond-based hybrid bears a great deal of resemblance 
to the curve of the parent polyimide that is obtained in a subsequent TMA run, where 
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the material contains less adsorbed moisture and residual solvent. The effect of 
repeated runs in the polyimide is visible in Figure 4.84, where the peaks presumed to 
be related to residual water and solvent are absent and CTE values at elevated 
temperatures are progressively reduced. The fact that this effect is common to all 
four samples is apparent from Figure 4.85 which shows the CTE curves obtained 
after a third consecutive TMA cycle. 
Thermomechanical testing of composites was carried out in the transverse 
direction in order to keep to a minimum any artefacts in the behaviour of the matrix 
caused by the negative CTE of carbon fibres along their axis. Nevertheless, the 
effect of the fibres alters the appearance of the CTE curves both in terms of the 
position of the peaks, where present, and the actual CTE values achieved. For 
example, in Figure 4.86(a), the peak which corresponds to solvent evaporation in the 
Skybond polyimide composites is located some 40-50 K higher due to a lower rate of 
diffusion, whilst no peaks are observed in the hybrid-matrix composites below 300°C, 
similar1y to the matrix material in isolation. Additionally, the peak noted at 
approximately 400°C, possibly relates to decomposition reactions in the polyimide 
and GOTMS (where present) as well as to additional condensation of residual silanol 
to silica. 
A single TMA run to 450°C appears to be sufficient for drying the composites, as 
any number of subsequent runs yield the same results. The effect of silicate content 
can be seen in Figure 4.86(b), where an increase in the formulated TEOS:PAA ratio 
causes a reduction in the CTE values. Furthermore, the difference in CTE between 
the matrix with the highest level of TEOS and the rest may actually be greater, 
bearing in mind the lower amount of carbon fibre the former contains. Such 
behaviour must be attributed to increased geometrical constraints imposed by the 
eo-continuity of the silicate network with the polyimide phase. A eo-continuous 
structure for the sample whose matrix contains the lowest level of TEOS, 
corresponding to a silica content of 6.3% by weight, is unlikely to be present and this 
is reflected in CTE values being similar to the pure polyimide-matrix control. 
The CTE behaviour of pre-dried composites with hybrid matrices, where the 
TEOS:PAA weight ratio is maintained at a value of 1.0, is shown in Figure 4.87. it is 
apparent that pre-maturation of the alkoxysilane component of the matrix increases 
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the CTE, as can be deduced by the way the CTE curve of sample S/A(G0.12)[0.8] 
relates to that of the parent polyimide control. The CTE values of the non-matured 
samples are lower than the control, the lowest being achieved by S/A(G0.12). Using 
DMF as the solvent in the sol-gel preparation of S/C(G0.12) yields intermediate 
values of CTE, as does the mixture of Skybond and the higher molecular weight 
Pyralin polyamic acid in (S2P1)/A(G0.12). On the other hand, taking the sample 
S/A(G0.12) as a reference, it is apparent that the use of an amount of coupling agent 
which is just above the threshold amount required for compatibility (as in 
S/A(G0.036)) has little effect on CTE. 
The Thermid-based hybrid matrix behaves similarly to the parent polyimide control 
(see Figure 4.88). With similar amounts of fibre reinforcement in the two composites, 
the slight difference displayed by the hybrid-containing sample is indicative of the fact 
that the perceived reduction in CTE offered by the silicate network is offset by the 
reduction in crosslinking density of the organic phase. 
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Figure 4.1: Variation of dynamic viscosity, TJ*, among alkoxysilane solutions of different 
solvent-catalyst combinations, containing the same level of GOTMS during reaction in a 
closed system at 60°C. The solvent-catalyst combinations used were coded as: A: EtOH-HCI; 
B: EtOH-HN03; C: DMF-HCI; D: DMF-HN03. 
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Figure 4.2: Variation of dynamic viscosity, TJ*, among alkoxysilane solutions of different 
solvent-catalyst combinations, containing the same level of MPTMS during reaction in a 
closed system at 60°C. 
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Figure 4.3: Variation of dynamic viscosity, .,., among alkoxysilane solutions containing 
different coupling agents during reaction in a closed system at 60°C. . 
5 
4.5 
4 
3.5 
- 3 Ill 
11. 
-• 25 (.!) . 
.. 
(.!) 2 
1.5 
1 
0.5 
0 
0 100 
G" 
---------------------
_,, 
,, 
200 300 400 
Reaction time (minutes) 
/ 
/ 
,/ 
, 
I 
I 
I 
I 
I 
I 
I 
' I 
:I 
. I 
:I 
:I 
G' ~ 
500 600 
Figure 4.4: Plot of the dynamic moduli of the alkoxysilane solution B in Fig.4.1 with reaction 
time; the intersection of G' and G" curves is defined here as the gel point. 
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Figure 4.5: Variation of shear viscosity with reaction time for type 8 alkoxysilane solutions 
containing GOTMS, in molar proportion to TEOS equal to 0.12, where the EtOH solvent is 
partially and entirely replaced by MeOH. 
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Figure 4.6: Gelation data of alkoxysilane solutions of different solvent-catalyst combinations, 
containing the same level of GOTMS; the reactions were carried out in open and closed 
systems at 60°C; gel time is expressed as a fraction of the value obtained for 3ml of the 
solution A(G0.12). 
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Figure 4.7: Gelation data for alkoxysilane solutions of different solvent-catalyst 
combinations, containing the same level of GOTMS; the reactions were carried out inside 
closed vessels of different aspect ratio: "wide": 25 mm (diam.) x 50 mm (height); "narrow": 10 
mm (diam.) x 50 mm (height); volume of solution: 3 ml. Gel times were normalised against 
the solution A(G0.12). 
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Figure 4.8: Gelation data for alkoxysilane solutions type A and C, containing the same level 
of GOTMS; volumes of 5 ml were reacted inside closed vessels of different height: 50, 75 
and 100 mm, and the gel times were normalised against the solution A(G0.12). 
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Figure 4.9: Plots of gel time of alkoxysilane solutions of different solvent-catalyst 
combinations, containing no coupling agent, as a function of the fractional volume occupied 
by the reaction medium; (Fractional volume = volume of reactants I volume of vessel). 
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Figure 4.10: Plots of gel time of alkoxysilane solutions of different solvent-catalyst 
combinations, containing the same level of GOTMS, as a function of the fractional volume 
occupied by the reaction medium. 
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Figure 4.11: Plots of gel time of hybrid mixtures of Skybond polyamic acid with alkoxysilane 
solutions of different solvent-catalyst combinations, compatibilised with GOTMS, as a 
function of the fractional volume occupied by the reaction medium. 
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Figure 4.12: Effect of the coupling agent content of type A alkoxysilane solutions on gel time. 
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Figure 4.13: Effect of the concentration of coupling agent when introduced in a type A 
solution (A(G0.12)) after room temperature mixing and hydrolysis. 
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Figure 4.14: Effect of the concentration of the coupling agent on gel time for hybrid mixtures 
based on Skybond polyamic acid and Thermid IP-600 isoimide oligomer. 
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Figure 4.15: Effect of the concentration of the polyimide precursor contained in hybrid 
mixtures based on the type A alkoxysilane solution. The perforated line indicates gelation 
data obtained from room temperature mixing. 
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Figure 4.16: Variation of gel time with the concentration of solids in the polyamic acid 
solution. Results were obtained for 2 different reacting volumes of the SIA(G0.12) hybrid 
mixture, as indicated. The weight ratio of PM to TEOS was maintained at a value of 1.0 . 
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Figure 4.17: Variation of gel time of Skybond-based hybrid mixtures with the concentration of 
polyamic acid solids. The weight ratio TEOS to the total PM solution (solvent included) was 
kept at a value of 0.5. · 
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Figure 4.18: Variation of pH of alkoxysilane solutions of different solvent-catalyst 
combinations, containing no coupling agent, with reaction time. (The time at which the last 
data point in each plot was obtained does not correspond to the gel time but rather to the last 
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the plotted time-axis range). 
:I: 
c. 
Chapter 4: Results 
6 
5.5 
5 
4.5 
4 
3.5 
3 
2.5 
-<>-A(G0.12) 
-o-B(G0.12) 
_,.,_c(G0.12) 
-x-D(G0.12) 
140 
1.5 +-----+-----+----t-----1-----l 
0 50 100 150 200 250 
Reaction time (minutes) 
Figure 4.19: Variation of pH of alkoxysilane solutions of different solvent-catalyst 
combinations, containing the same level of GOTMS, with reaction time. (The time at which 
the last data point in each plot was obtained does not correspond to the gel time but rather to 
the last instance where the pH could be reliably measured; for solution B(G0.12) this is out of 
the plotted time-axis range). 
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Figure 4.20: Variation of pH of alkoxysilane solutions of different solvent-catalyst 
combinations, containing the same level of MPTMS, with reaction time. (The time at which 
the last data point in each plot was obtained does not correspond to the gel time but rather to 
· the last instance where the pH could be reliably measured; for solutions A(M0.16) and 
B(M0.16) this is out of the plotted time-axis range). 
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Figure 4.21: Variation of pH of hybrid mixtures with reaction time. The data for the sample 
T/A(M0.16) appearing in the inset is plotted on a linear scale. (The time at which the last data 
point in each plot was obtained does not correspond to the gel time but rather to the last 
instance where the pH could be reliably measured). 
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Figure 4.22: Initial pH registered after the hydrolysis of alkoxysilane solutions containing the 
same level of different types of coupling agent; "MA": r-methacryloxypropyltrimethoxysilane 
(MAPTMS), "M": r-mercaptopropyltrimethoxysilane (MPTMS), "0": no coupling agent, "R": 
glycidyloxypropyl p-tertbutyl phenol (Ravepox), "G" r-glycidyloxypropyltrimethoxysilane 
(GOTMS). 
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Figure 4.23: Variation of pH in alkoxysilane solution type A with GOTMS content. 
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Figure 4.24 (cont. overleaf) 
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Figure 4.24: SEM micrographs of the fracture surfaces of hybrid films based on the 
S/A(G0.12) mixture. (a) TEOS:PAA weight ratio= 1.0, reduced gel time of prematuration of 
the TEOS solution (tMAT = twcitGEL): 0; (b) TEOS:PAA weight ratio = 1.0, tMAr: 0.5; (c) 
TEOS:PAA weight ratio= 1.0, tMAr: 0.7; (d) TEOS:PAA weight ratio= 2.0, tMAT: 0.5. 
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Figure 4.25: SEM micrographs of the fracture surfaces of hybrid films based on the 
S/C(G0.12) mixture. (a) TEOS:PAA weight ratio= 1.0, reduced gel time of prematuration of 
the TEOS solution (!MAT= too-cltGEL): 0; (b) TEOS:PAA weight ratio= 1.0, !MAT: 0.5. 
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Figure 4.26: SEM micrographs of the fracture surfaces of hybrid films based on the S/A(O) 
mixture. (a) TEOS:PM weight ratio = 1.0, reduced gel time of prematuration of the TEOS 
solution (\MAT= too·cltGEL): 0; (b) TEOS:PM weight ratio= 1.0, tMAr: 0.5. 
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Figure 4.27: SEM micrographs of the fracture surfaces of hybrid films based on the 
T/A(M0.16) mixture. (a) TEOS:isoimide oligomer weight ratio = 1.0, reduced gel time of 
prematuration of the TEOS solution (!MAT = loo·cftcEL): 0; (b) TEOS: isoimide oligomer weight 
ratio= 1.0, tMAr: 0.95. 
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Figure 4.28: SEM micrographs of the fracture surfaces of hybrid films based on the T/A(O) 
mixture. (a) TEOS:isoimide oligomer weight ratio = 1.0, reduced gel time of prematuration of 
the TEOS solution (!MAT= !so·ci!GeLl: 0; (b) TEOS:isoimide oligomer weight ratio= 1.0, !MAr: 
0.5. 
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Figure 4.29: SEM micrographs of the fracture surfaces of hybrid films based on the T/A(O) 
mixture. (a) TEOS:isoimide oligomer weight ratio = 0.5, reduced gel time of prematuration of 
the TEOS solution (IMAT = tro-dtGEd: 0; {b) TEOS:isoimide oligomer weight ratio = 0.5, !MAT: 
0.5. 
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Figure 4.30: TEM micrographs of hybrid films based on Skybond polyamic acid, where 
TEOS:PAA weight ratio= 1.0, reduced gel time of prematuration of the TEOS solution (!MAr= 
!so-cltaEL): 0. (a) S/A(G0.12), (b) S/A(G0.48). 
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Figure 4.31: TEM micrographs of a hybrid film based on mixture S/A(O), where TEOS:PM 
weight ratio = 1.0, reduced gel time of prematuration of the TEOS solution (tMAr = lsoodiGELJ: 
0. (a) low magnification, (b) detail of secondary phase ablated by exposure to the electron 
beam -exposure times in alphabetical order: 0, 10, 15 and 35 minutes. 
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Figure 4.32: TEM micrographs of hybrid films based on Skybond polyamic acid, where 
TEOS:PAA weight ratio = 0.5, reduced gel time of prematuration of the TEOS solution (tMAT = 
looocftGEL): 0. (a) S/A(G0.12), (b) S/C(G0.12). 
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Figure 4.33: TEM micrographs of a hybrid film based on mixture S/A(G0.12), where 
TEOS:PAA weight ratio = 0.2, reduced gel time of prematuration of the TEOS solution (!MAr = 
lsoodtGELJ: 0. (a) low magnification, (b) high magnification. 
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Figure 4.34: TEM micrograph of a hybrid film based on mixture S/A(G0.12), where 
TEOS:PAA weight ratio = 1.0, reduced gel time of prematuration of the TEOS solution (!MAT= 
looocftGEd: 0 and the solids content of the polyamic acid precursor solution is 16.74%. 
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Figure 4.35: Infrared spectra of Skybond polyamic acid at three levels of cure. (A) vacuum-
dried at sooc, (B) partially imidised for 1 hour at 150°C and (C) fully cured at 300°C. 
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Figure 4.36: Infrared spectra of Skybond-based binary films vacuum dried at ao•c. (A) pure 
Skybond, (B) S+(G0.12), (C) S+(G0.48). (a) full scale spectra, (b) higher resolution detail. 
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Figure 4.37: Infrared spectra of Skybond-based binary films fully cured at 300°C. (A) pure 
Skybond, (B) S+(G0.12), (C) S+(G0.48). (a) full scale spectra, (b) higher resolution detail. 
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Figure 4.38: Infrared spectra of Therm id isoimide oligomer at two levels of cure. (A) vacuum-
dried at 80°C, (B) fully cured at 300°C. 
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Figure 4.39: Dynamic spectral changes during the isomerisation of Therm id lP-BOO at 1so•c 
in the isoimide peak at 1808 cm·1 and the imide peak at 1781 cm·1; (time axis not to scale). 
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Figure 4.40: Spectral changes in the acetylenic peak at 3288 cm·1 during curing at 150°C. 
The bottom spectrum was obtained after full cure at 300°C; (time axis in reverse order and 
not to scale). 
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Figure 4.41: Infrared spectra of Thermid-based binary films vacuum dried at 80°C. (A) pure 
Thermid, (B) T +(M0.16), (C) T +(M0.48). (a) full scale spectra, (b) higher resolution detail. 
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Figure 4.42: Infrared spectra of Thermid-based binary films fully cured at 300°C. (A) pure 
Therm id, (B) T +(M0.16), (C) T +(M0.48). (a) full scale spectra, (b) higher resolution detail. 
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Figure 4.43: DTA thermogram of Skybond films at different levels of cure. (A) vacuum-dried 
at 80°C, (B) partially imidised at 150°C and (C) fully cured at 300°C. 
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Figure 4.44: DTA thermogram of vacuum-dried pure Skybond and Skybond-based binary 
films. (A) S, (B) S+(G0.12) and (C) S+(G0.48). 
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Figure 4.45: DTA thermogram of Thermid films at different levels of cure. (A) vacuum-dried 
at sooc, (B) partially imidised at 150°C and (C) fully cured at 300°C. 
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Figure 4.46: DTA thermogram of vacuum-dried pure Thermid and Thermid-based binary 
films. (A) T, (B) T+(M0.16) and (C) T+(M0.48). 
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Figure 4.47: Thermogravimetric curves of vacuum-dried pure Skybond and Skybond-based 
binary films. Tests conducted under N2. (a) Linear weight, (b) derivative weight variation with 
temperature. 
~ 
1' 
·"' ~ 
0 
~ 
1' 
~ 
" 'C 
• 0 
100 
90 
80 
70 
80 
50 
40 
0 
0.35 
0.25 
0.15 
0.05 
Chapter4: Results 
'\:\ 
\ ~. 
\~ 
100 
\ 
\ 
\ . ', ............ __ _ 
....... __ --..... 
----------~.:::-........ 
200 300 400 
(a) 
I \ 
I \ 
I I 
I , I li \\ , I I, \\ lf 
I· \\ 7 ,\ ,. \\ :7 ·I 
!j ~\ 
•\ 
J \ 
\) ~ 
_, 
-""" 
' 
500 800 
T 
T+(M0.16) 
T+(M0.48) 
700 
U!'lt.-efNI V2.4FTA Instruments 
T 
T+(M0.16) 
T+(M0.48) 
.o.os-l-~---.-----,-----,r----,-----.-----.-----,-J 
300 400 500 700 800 0 100 200 
Temperature ec) Untvei'SIII V2.4F TA lnstrumeo"lts 
(b) 
164 
Figure 4.48: Thermogravimetric curves of vacuum-dried pure Thermid and Thermid-based 
binary films. Tests conducted under N2. (a) Linear weight, (b) derivative weight variation with 
temperature. 
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Figure 4.49: Thermogravimetric curves of Skybond-based hybrid films with varying initial 
amounts of TEOS (TEOS:PAA weight ratio inS= 0, S/A(G0.12)*0.2 = 0.2, S/A(G0.12) = 1.0). 
The films were fully cured in air at 300°C and devolatilised at 400°C, and the scaling is 
adjusted to reflect this. (a) Linear weight, (b) derivative weight variation with temperature. 
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Figure 4.50: Thermogravimetric curves of Skybond-based hybrid films prepared with 
alkoxysilane solutions containing varying levels of GOTMS. The films were fully cured in air 
at 300°C and devolatilised at 400°C, and the scaling is adjusted to reflect this. (a) Linear 
weight, (b) derivative weight variation with temperature. 
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Figure 4.51: Thermogravimetric curves of Skybond-based hybrid films prepared with type A 
and type C alkoxysilane solutions containing the same amount of GOTMS. Data from the 
sample (S2P1)/A(G0.12), in which Skybond is partially replaced by Pyralin Pl-2540 (in 2:1 
proportion) is also included. The films were fully cured in air at 300°C and devolatilised at 
400°C, and the scaling is adjusted to reflect this. (a) Linear weight, (b) derivative weight 
variation with temperature. 
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Figure 4.52: Thermogravimetric curves of Thermid-based hybrid films prepared with 
alkoxysilane solutions containing varying levels of MPTMS. The films were fully cured in air 
at 300°C and devolatilised at 400°C, and the scaling is adjusted to reflect this. (a) Linear 
weight, (b) derivative weight variation with temperature. 
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Figure 4.53: Thermogravimetric curves of Skybond- and Thermid-based hybrid films 
prepared with alkoxysilane solutions containing a low level (none) and a high level of 
coupling agent. The films were fully cured in air at 300°C, prior to the commencement of an 
isothermal treatment at the same temperature, and the scaling is adjusted to reflect this. 
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Figure 4.54: Microstructure of Skybond hybrid-based composite prepared by method I. 
Resin-rich and high voidage regions are visible. (a) SEM image, (b) optical image (x180). 
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Figure 4.55: Microstructure of Skybond hybrid-based composite prepared by method la. 
Resin-rich and high voidage regions are visible. (a) SEM image, (b) optical image (x180). 
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Figure 4.56: Optical micrographs of the microstructures of composites based on hybrid 
mixtures (x180). (a) S/A(G0.12) and (b) T/A(M0.16) prepared by method !I. 
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Figure 4.57: Optical micrographs of the microstructures of composites based on hybrid 
mixtures (x180). (a) S/A(G0.12) and (b) T/A(M0.16) prepared by method Ha. 
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Figure 4.58: Optical micrographs of the microstructures of composites (x180) based on (a) 
pure Skybond, and hybrid mixtures (b) S/A(G0.12) and (c) S/C(G0.12), prepared by method 
Ill. 
Chapter 4: Results 175 
(a) 
(b) 
Figure 4.59: Optical micrographs of the microstructures of composites (x180) based on (a) 
pure Thermid, and the hybrid mixture (b) T/A(M0.16), prepared by method Ill. 
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Figure 4.60: Microstructure of the composite based on the hybrid mixture S/A(G0.12), 
prepared by method Ilia. (a) SEM image, (b) optical image (x180). 
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Figure 4.61: DMTA spectra of as-cured and post-cured Skybond-based composites. (a) 
Storage modulus, E', (b) tan 0. 
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Figure 4.62: DMTA spectra of as-cured and post-cured Thermid-based composites. (a) 
Storage modulus, E', (b) tan & 
0.18 
0.16 
0.14 
0.12 
"C 0.1 
c 
.f! 0.08 
0.06 
0.04 
0.02 
0 
0 
oS 
x S/A(G0.12)*0.2 
D S/A(G0.12)*0.5 
+ S/A(G0.12) 
100 200 
Temperature ("C) 
(b) 
300 
Figure 4.63: DMTA spectra of Skybond hybrid-based composites in which the matrix has 
varying initial amounts of TEOS (TEOS:PAA weight ratio in S = 0, S/A(G0.12)*0.2 = 0.2, 
S/A(G0.12)*0.5 = 0.5, S/A(G0.12) = 1.0). (a) Storage modulus, E', (b) tan 0. 
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Figure 4.64: OMTA spectra of Skybond hybrid-based composites in which the matrix is 
prepared with alkoxysilane solutions containing varying levels of GOTMS. (a) Storage 
modulus, E', (b) tan 8. 
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Figure 4.65: DMTA spectra of Thermid hybrid-based composites in which the matrix is 
prepared with alkoxysilane solutions containing two levels of MPTMS. (a) Storage modulus, 
E', (b) tan /J. 
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mixture S/A(G0.12). (a) Storage modulus, E', (b) tan 8. 
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Figure 4.71: lnterlaminar shear stress of composites as a function of the initial TEOS:PAA 
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Figure 4.83: Plots of the coefficient of linear thermal expansion (CTE) of as-<:Ured thick 
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(heating cycles) and plotted as a function of temperature. 
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CHAPTERS 
DISCUSSION 
5.1 ANALYSIS OF VARIABLES IN THE PREPARATION OF HYBRID 
PRECURSOR SOLUTIONS 
A preliminary study in the area of carbon fibre composites based on 
compatibilised polyimide-silica hybrids was conducted by Mascia and Zhang [171]. 
According to this study, a delay in gelation of the silica phase, which is a direct 
consequence of lowering of the pH value of the matrix solution, results in enhanced 
flow of the matrix during the hot pressing operation. The improvements in mechanical 
properties reported for the acidified systems were attributed to the more uniform 
distribution of fibres that is afforded by the existence of a wider process window prior 
to the gelation of the matrix. As a continuation of that work, the main objective of the 
present study has been to investigate the role of key formulation variables in the 
gelation behaviour of polyamic acid-TEOS mixtures, as well as to extend the 
selection of candidate polyimide precursors to addition-type polymers, which have 
traditionally been the preferred choice for fibre-reinforced composite applications. 
The need for an optimum performance from the matrix [146, 147] in relation to 
composites [171], dictates that the matrix possess a very fine and uniform 
morphology. To achieve this a compatibilising agent is necessary. The epoxy-
functional coupling agent r-glycidyloxypropyltrimethoxysilane (GOTMS) was found to 
be suitable for making a polyamic acid compatible with TEOS-derived silica (146-
148, 171]. To achieve compatibility for the system based on the chosen addition-type 
pre-polymer Thermid IP-600, however, it was established that the organofunctional 
group that performs better this function is a mercaptan, hence, r-mercaptopropyl-
trimethoxysilane (MPTMS) was chosen as a compatibiliser. 
The need to gain a better understanding of the gelation kinetics of these complex 
systems led to the investigation of a number of formulation variables. These 
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variables have been limited by such practical considerations as: (a) the requirement 
for as low amount of water as possible to prevent excessive hydrolytic degradation of 
the polyimide precursor, and (b) the requirement for the use of an optimal amount of 
alcoholic solvent which ensures sufficient miscibility of the alkoxysilane and water 
while preventing the occurrence of re-esterification which impedes hydrolysis of 
ethoxy groups. 
5.1.1 Alkoxysilane Solutions 
Viscosity changes in sol-gel processes are a good indicator of the progress of 
gelation and, therefore, measurements were made to evaluate variations in viscosity 
caused by changes in formulation. Dynamic viscometry was the preferred 
instrumental method to observe gelation due to the low strain levels involved, which 
ensure lower disruption to the structure of the forming gel during measurements. 
Manual determination of gel time, based on the detection of the point of cessation of 
flow (i.e., where viscosity increases rapidly), was used in many cases because of its 
simplicity. 
a. Solvent effects 
The use of DMF in place of EtOH in alkoxysilane solutions is found to increase 
their rate of gelation. Despite the low initial pH value of the solutions (pH = 2), this 
increases substantially during the course of the reaction. Therefore, most of the fast 
initial hydrolysis step is expected to take place below or close to a pH value of 3 
according to an electrophilic reaction mechanism, but the main mechanism for the 
condensation step occurring later at higher pH values would be a bimolecular 
nucleophilic substitution. This type of reaction (SN2) is known to be accelerated when 
the protic solvent is replaced by a suitable dipolar aprotic solvent [174,175]. Whilst 
polar protic solvents with hydroxyl groups, like EtOH and MeOH, stabilise negatively 
charged nucleophiles through H-bonding, thus reducing their reactivity, dipolar 
aprotic solvents without hydroxyl or NH groups, like acetonitrile and DMF, do not 
produce the same effect. Instead, they render the nucleophilic anions less stable, 
increasing their nucleophilicity and reactivity, whilst stabilising the cations in the 
reaction medium, thereby increasing the overall rate ofthe substitution reaction. 
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Another factor contributing to the increased gelation rates in DMF solutions 
relative to those containing EtOH is the fact that aprotic solvents do not get involved 
in reverse reactions [35], like re-esterification and alcoholysis or hydrolysis of the 
siloxane bonds. This is because they cannot form sufficiently strong nucleophiles 
(OH- and OR) which are required for such reactions, as they lack labile protons. 
However, regarding the variation of pH during the sol-gel reaction, it is important to 
note that the larger increase seen with DMF cannot be explained in terms of direct 
interactions with the acid in the same way as it was attempted with formamide, which 
reportedly forms NH/ ions. Solvation of the H' ions in solution is more likely to 
account for this phenomenon. 
Despite having a higher polarity than EtOH (dielectric constant: 24.3; dipole 
moment: 1.69 debye), MeOH (dielectric constant: 32.6; dipole moment: 1.70 debye) 
fails to reduce the overall polycondensation rate of TEOS. Consequently, by 
replacing EtOH it results in reduced gel time. To explain this, it is appropriate to 
consider the way in which molecular reactivity is affected by the solvent. In this case, 
trans-esterification reactions are possible between the alkoxy groups of the solvent 
and the atkoxysilane precursor [38]. The replacement of ethoxy groups on TEOS and 
other species derived from it by methoxy groups from MeOH enhances its reactivity 
for reasons which are mainly to do with steric factors, since the smaller size of the 
substituent groups make the silicon centre more accessible for reactions and the 
smaller overall size of the molecules leads to an increase in their mobility. In addition 
to the effect of MeOH on the reactivity of the dissolved species, its viscosity (5.4 
mPoise) is half of that of EtOH. Though this is not a significant difference in viscosity 
(for instance, the resolution of the rheometer in shear mode could not differentiate 
between the initial viscosities of the MeOH and EtCH-containing solutions) it may be 
seen as contributing to an increase in the diffusion coefficients of the reactants. 
b. Acid catalyst effects 
In studies involving TEOS, the gel times quoted for acid-catalysed solutions 
containing HCI and HN03 are often similar [51]. In this work, however, the gel times 
obtained for both modified and unmodified solutions (with and without a coupling 
agent) are substantially different, especially where the solvent used is EtOH rather 
than DMF (see Figure 4.9 and 4.1 0). 
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From the standpoint of kinetics, this finding goes against predictions if one is to 
consider only the variation of the position of the isoelectric point (iep) of silica 
according to the acid employed as catalyst. Briefly, the rate of gelation is dependent 
on the stability of the sol and thus, in turn, also on the pH value where the minimum 
in catalytic activity (i.e., the iep) occurs. This is confirmed in investigations by 
Vysotskii and Strazhesko [176]. With HN03 as the catalyst, the iep was found to be 
located at pH = 1.45, which is 0.1 pH units below the iep with HCI. However, 
according to this scheme, with an initial pH adjusted to a value of 2, the solutions 
containing HN03 are further above the iep (determined from the position of the 
maximum in a gel time versus pH plot) and, therefore, should gel faster. Since this is 
not the case, the reason for the discrepancy must lie in the amount of H' ions 
available in each type of solution, as tentatively explained below. 
Evidence from Figures 4.18-4.20, which shows that the pH with HN03 is retained 
at a lower level than with HCI, also suggests that the first acid must be present in 
higher amounts (relative to its initial concentration) at any given time. Evaporation 
has been shown to occur at the reaction temperature of 6o•c (see, for example, 
Figures 4.6-4.8), and although the consequence of this process is more prominent 
with the use of different solvents (i.e., the gel time is lower with EtOH whose 
evaporation increases the concentration of the reactants), the same applies to the 
catalysts (in which case, the gel time is lower with HCI). Therefore, the assumption 
that any evaporation of the catalyst (which would increase the pH of solution) 
contributes to the gelation trends observed is a reasonable one, especially when 
considering the difference in boiling points between the two substances; hydrogen 
chloride: -8s•c; nitric acid: +83•C. 
c. Coupling agent effects 
Alkoxysilane solutions modified with a coupling agent display roughly similar 
trends to unmodified solutions with respect to the nature of the solvent and the acid 
catalyst. However, the presence of GOTMS in solution results in shorter gel times, 
whilst the opposite is true for MPTMS (see Figure 4.3). In addition, apart from 
prolonging the gelation process, MPTMS diminishes the differences in gel time that 
arise from the nature of the acid relative to the overall gel time. This suggests that the 
level acidity of the MPTMS-containing solutions is constant enough to override any 
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fluctuations in gel time that would be attributable to the nature of the acid (see 
Figures 4.1 and 4.2 and Table 4.1 ). 
Apart from the obvious connection in Figure 4.3 between gel time and the nature 
of the organofunctional group, since the latter is the only varied parameter, it has 
been shown that the organofunctional group is responsible for a change in the initial 
pH of the solutions (Figure 4.22), indicating that along with evaporation, the change 
imposed by the coupling agent on pH is important in determining the gelation rate. 
Specifically, the pH ranking of the solutions with the respective coupling agents is 
reflected in the gelation order, whereby the most acidic solutions (containing 
MAPTMS and MPTMS) produce the longest gel times and the least acidic solutions 
(i.e., those containing Ravepox and GOTMS) produce the shortest gel times. In 
terms of condensation kinetics, such a correlation is in agreement with earlier 
accounts of the role of pH in sol-gel processes. In Figures 4.19 and 4.20, therefore, 
where the initial pH is adjusted to a value of 2 in all the solutions, the fact that the 
increase in pH during the reaction at 60°C in the presence of GOTMS takes place 
much faster than in the presence of MPTMS is indicative of the difference in the 
effect of the epoxy and the mercapto functionalities. 
The belief that it is the epoxy group which is the factor responsible for the 
increased gelation rates and the rise in pH is supported by the fact that the epoxide-
containing Ravepox molecule (without an alkoxysilane functionality) produces gel 
times (and pH-reaction time profiles, not shown here) similar to GOTMS. More 
importantly, however, epoxides are known to act as Lewis bases with organic 
silanols, catalysing their condensation as illustrated by the equations 5.1 and 5.2 
[177]: 
-
-
(5.1) 
11 ~ R'3SiOSiR'3 + H:!O + OCH:!CH-R (5.2) 
As a result, this catalytic activity would provide a rate increase above the level 
predicted according to the initial pH conditions of the solution. The isoelectric point of 
the newly-generated species, with a higher degree of hydrolysis and condensation 
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relative to TEOS, would shift to a lower pH [40), thus giving the condensation process 
an autocatalytic character. This reasoning appears adequate in justifying the 
decrease in gel time obtained with the epoxysilane, but to account for the accelerated 
increase in pH at-GOTMS:TEOS = 0.12 it must be assumed that the silicate species 
produced with a certain amount of GOTMS (or Ravepox) present affect the acid's 
strength to a greater extent than the products in the solutions for the rest of the 
coupling agents. 
Without any GOTMS added during the mixing step, hydrolysis takes place at a pH 
level which does not change significantly (as in the case of A(O), Figure 4.18) and is 
expected to be completed very fast, producing silanol with a very low degree of 
condensation. Hence, when GOTMS is added into an already fully hydrolysed TEOS, 
the species in solution are small and highly mobile. With this in mind, and knowing 
also that epoxide groups promote condensation by nucleophilic substitution as well 
as raising the pH of solution (see Figure 4.23), it is possible to foresee conditions that 
are sterically and kinetically favourable for fast condensation reactions. These 
conditions result in gel times which are shorter compared to solutions in which 
GOTMS is added prior to mixing (note the lower gel time values in Figure 4.13). In 
fact, a parallel could be drawn here with the findings of Boonstra and eo-workers [49) 
who have attributed the decreased gel time of TEOS after a short period of acid-
catalysed hydrolysis (subsequently followed by base-catalysed condensation) to the 
high proportion of monomeric silanol species whose amount was found to be linearly 
dependent on the concentration of H+ ions during the hydrolysis step. 
An acceleration in gelation with an increasing concentration of GOTMS is only 
observed below a molar content (relative to TEOS) of 0.12 (see Figure 4.12). Above 
this concentration, the rate increase obtained from the presence of catalysing 
epoxide groups may be considered as being compromised by a dilution effect, in a 
similar way to the gelation of TEOS or TMOS which would be delayed, or even 
prevented, by water when this is added in large excess (as explained in section 
2.1.3.g). In addition, because of the increase in the amount of alkoxysilane groups, 
there is growing demand for water, effectively reducing the system's potential to 
produce silanol species available for condensation. The implication of the above 
statement is that the gel time for these formulations is not directly proportional to the 
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pH. lt is also a confirmation that pH is not the only factor determining gelation rates, 
albeit it is expected to be of significance. 
The above conclusion would be more difficult to reach with only the gelation 
behaviour of the systems containing MPTMS available to consider. This is because, 
contrary to GOTMS, the presence of the mercapto coupling agent contributes to the 
acidity of the TEOS solution, which tends to increase the gel time. Under these 
circumstances, detecting a possible dilution effect (whereby the gel time increases as 
a result of a lower concentration of reactants relative to the amount of the diluent 
present) necessitates further investigation. Nevertheless, the possible existence of 
such an effect could be inferred by considering the gel time against coupling agent 
concentration data for GOTMS-containing solutions. 
5.1.2 Hybrid Mixtures 
a. Polyimide precursor effects 
The inclusion of the polyimide precursor phase within TEOS solutions in order to 
formulate hybrid mixtures has a visible impact on the gelation behaviour of the parent 
alkoxysilane solutions. Gel time data were obtained only for mixtures compatibilised 
with organofunctional trialkoxysilane coupling agents because the mixtures that do 
not contain a suitable coupling agent do not gel as a single phase. Macroscopically 
phase-separated systems are far less predictable in behaviour and of little practical 
use as composite matrices. 
In the case of the EtCH-containing solutions (type A), an increase in the 
concentration of the polyamic acid solution mixed in at aooc leads to a corresponding 
increase in the gel time, indicative of a dilution effect (see Figure 4.15). Data obtained 
from mixtures prepared at an ambient temperature show that at low PAA contents 
(50.22% in NMP), the predominance of the alkoxysilane portion (which, contrary to 
the PAA solution, is gellable at the testing temperature of 60°C) may be responsible 
for the low gel time values. The contribution of the NMP component of the PAA 
solution to the dilution effect has also been established (see Figure 4.16). Thermid-
based hybrid mixtures prepared at 80°C behave similarly to the corresponding 
Skybond mixtures. 
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The PAA component is responsible for significant changes in the order of rates of 
gelation with respect to the solvent-catalyst combination in the parent alkoxysilane 
solutions. The hybrid mixtures display an inversion in the gelling sequence C<D<A<B 
(faster-gelling solution first) and, in addition, the gelation rates of the mixtures 
increase or decrease in a manner which causes them to converge (compare Figures 
4.10 and 4.11, for instance). The "convergence" effect is maintained at different 
solids contents of the PAA pre-polymer. The trend reversal, however, between the 
alkoxysilane solutions and the corresponding hybrid mixtures is probably caused by 
the particular choice of the relative concentrations of resin and NMP in the hybrid 
formulations. This can be inferred from the changeover in the order of gelation 
between the mixtures SIA(G0.12) and SIC(G0.12) at 20-25 o/owt PAA solids (see 
Figure 4.17). 
A contributing factor to the "convergence" effect by the PAA on the gel times of 
the hybrid mixtures is the fact that although the PAA brings about a significant 
increase to the initial pH of the alkoxysilane solution that was previously adjusted to a 
value of 2, it maintains the attained pH at an approximately constant level throughout 
the gelation process (see Figure 4.21 ). lt is suspected that the NMP solvent in the 
PAA solution, which is present in higher amounts than either EtOH or DMF in the 
alkoxysilane solution, could be responsible for this phenomenon. Since this condition 
presupposes that the alkoxysilane component is the factor responsible for the 
gelation of the overall system, the same effect by NMP can be assumed to hold true 
also for Thermid hybrid mixtures. 
b. Coupling agent effects 
The effect of the coupling agent in hybrid systems is inferred from the plots in 
Figure 4.14. The reversal of gelling trends in the presence of the polyimide precursor 
(as determined by comparing Figures 4.12 and 4.14) is effectively linked to the 
mechanism of compatibilisation and, therefore, to the role of the coupling agent in its 
function as a compatibiliser of the organic and inorganic phases. 
Under the conditions employed, there is a high probability of acid-catalysed 
hydrolysis of the epoxide group in GOTMS taking place. Ring opening of epoxide 
groups in general [178,179] and those of GOTMS in particular [180-182] to form 1,2 
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diols is possible at room temperature with a pH of 1 [181], or at a moderately high 
temperature (90°C) with a pH of 3.5 [182]. These conditions approximate those at the 
initial and intermediate stages of the reactions in the present study. Polyaddition of 
the diol phase to form poly(glycol ethers) with or without the participation of 
unhydrolysed epoxide groups can also occur in varying degrees [182]. In the present 
case, the consequence of possible homopolymerisation of GOTMS is that the 
resulting increase in viscosity can slow down the rate of phase separation, 
preserving in that way the homogeneity of the hybrid structure, as suggested by 
Mascia and Kioul [38,39] for PMDA-ODAITEOS-derived silica systems. Interactions 
of the coupling agent which enable it to act as a link between the organic and 
inorganic components have also been discussed. 
Recently, Menoyo et al. [166] proposed a mechanism for the compatibilisation of 
the aforementioned system with GOTMS. lt suggests that GOTMS works by partially 
decomplexing NMP, which acts as a thermodynamic barrier for any reaction involving 
the carboxylic acid groups of the PAA. This is accomplished well below the normal 
temperature of 165°C after the epoxy (or diol) groups of the coupling agent displace 
the H-bonded NMP molecules. Silica clusters with pendant silanols connected to the 
coupling agent through its eo-condensed trialkoxysilane portion (or by reaction 
between surface silanol and the epoxide group [183]) are then able to approach the 
polyamic acid backbone and interact with it. H-bonds can be formed between the 
silanol hydrogen and the PAA acid carbonyl and between the silanol oxygen and the 
PAA acid hydroxyl. Provided the alkoxysilane gels before the PAA is able to form 
insoluble polyimide (which would tend to precipitate out of the solution), 
compatibilisation is achieved. 
With the arguments above in mind, it follows that the extent of physical and 
chemical interactions in the system, and its overall gelation rate, become greater with 
higher concentrations of the coupling agent. The fact that in this work, below a 
GOTMS:TEOS molar ratio of approximately 0.12 (see Figure 4.14), the gel time 
actually increases rather than decrease suggests that the level of interactions of the 
silicate particle surface with the polyamic acid is not optimal. This is enhanced, 
however, above the said concentration, since GOTMS is found increasingly in 
excess, as discussed earlier with reference to Figure 4.12. Above a molar ratio of 
0.36, gel time levels off, indicating that no more rate increase can be expected from 
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GOTMS addition as the number of coupling sites decreases. Based on this, it may be 
predicted that further increases in the amount of GOTMS used can lead to a 
decrease in gelation rate as a result of dilution. 
There are no references in the literature concerning the use of mercapto-
functional silanes as coupling agents for polyimide systems. Their known uses 
include the coupling of mineral fillers for vulcanised rubber reinforcement [20]. r-
mercaptopropyltrimethoxysilane was selected as a compatibiliser for Thermid and 
silica on the basis of a possible addition reaction taking place between the mercapto 
group and the acetylene endcap [184]. As the organofunctional group is expected to 
be connected with silica by eo-condensation of the trialkoxysilane end of the coupling 
agent with TEOS, it would then act as a physical link between the isoimide units and 
silica. Unlike GOTMS, however, no contribution to the preservation of microstructural 
homogeneity in Thermid-based hybrids by homopolymerisation of MPTMS is 
expected, as polymerisation of this substance will not occur [185]. 
The gelation trend iri Figure 4.14 shows a monotonic decrease in gel time with 
increase in the amount of MPTMS used, which suggests that interactions must 
indeed be occurring in the way predicted. On the other hand, attention is also drawn 
to the fact that the plotting scale used is logarithmic, which means that the rate of 
decrease in gel time is substantial initially, but like with GOTMS in PAA, it decreases 
as the molar ratio of MPTMS becomes higher. 
5.1.3 Formulation Effects on the Hybrid Microstructure 
The microstructures of hybrids originating from compatibilised formulations are 
made up of fine domains of silica dispersed in the polyimide matrix in the form of a 
network (see Figures 4.30, 4.32). The size of the silica domains is small enough for 
compatibilised materials to be transparent and macroscopically featureless (Figures 
4.24(a), 4.25(a), 4.27). For compatibility, the minimum concentration (molar ratio 
relative to TEOS) of GOTMS coupling agent in Skybond-based hybrids is 0.036, 
although for microscopic examinations a value of 0.12 was generally used. For 
Thermid-based hybrids, the minimum concentration is 0.16. (The difference in the 
minimum required concentrations in the two systems is believed to be related to H-
bonding, present only between the PAA and GOTMS). 
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Maturation of the alkoxysilane solution prior to its addition to the polyimide 
precursor (Skybond in particular) has the effect of coarsening the structure of the 
final hybrid (see Figures 4.24(b) and 4.24(c)). This is thought to result from the 
silicate already being in an advanced state of condensation when it is mixed with the 
polyamic acid. At higher silicate loadings, phase separation can be halted (see 
Figure 4.24(d)), depending on its proportion to the polyamic acid -which dictates the 
relative dominance of the gelation process over the system's dilution by the pre-
polymer. 
For the same induction period (described here as "maturation time" and defined 
as the ratio of reaction time at 60°C to gel time), alkoxysilane solutions using as 
solvent DMF instead of EtOH appear more resistant to coarsening (Figure 4.25(b)). 
Two reasons can be proposed for this: Firstly, it is useful to remember that NMP 
(from the PAA solution) and DMF (contained, for instance, in type C solutions) are 
sufficiently similar to behave as a single solvent, thus increasing the miscibility of the 
two phases. Secondly, reference to Figure 4.1 shows that the increase in viscosity at 
the gel point in solution C(G0.12) is more abrupt than solution A(G0.12). This is 
probably because in a DMF environment, silicate species (suspected to grow as 
discrete branched clusters) do not interact appreciably until only shortly before to the 
onset of gelation. Hence, silicate particles originating from relatively short periods of 
maturation in DMF would be of relatively low molecular weight. This is important in 
terms of the stability of the system towards phase separation. According to Nakanishi 
and Saga, in their studies of spinodal decomposition in the poly(sodium 
styrenesulphonate)-silica system [157], the driving force for phase separation arises 
when the molecular weight of the polymerised silica exceeds a certain threshold 
value. lt can be appreciated, therefore, that in the case of type C alkoxysilane 
solutions, this threshold value is largely not achieved during the length of period (tMAT 
= 0.5) provided for maturation. 
Without a coupling agent, Skybond-based formulations phase separate readily to 
form fairly large silicate domains (Figure 4.31(a)). Nevertheless, as revealed by the 
presence of polyimide within and on the boundaries of those domains, some mixing 
also occurs (Figure 4.31(b)). Interestingly, the level of dispersion of the phases is 
also compromised even in compatibilised hybrids if the equivalent amount of 
formulated silica is very low (Figure 4.33). In contrast to these cases, a hybrid 
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containing a sufficient amount of silicate and coupling agent but prepared using very 
dilute PAA, possesses a eo-continuous structure of very fine dimensions (Figure 
4.34). Good dissolution of the precursors may induce this condition, giving rise to 
potentially good properties, but the high amount of NMP used is problematic in that, 
in composite applications, it would be yet more difficult to eliminate completely from 
matrices during curing. 
Compatibilised Thermid-based hybrids are especially resistant to phase 
separation, as structural homogeneity is maintained even after very long periods of 
maturation (see Figure 4.27). This property is entirely attributable to the presence of 
the mercapto coupling agent, since without it the silicate fails completely to become 
miscible with the polyimide, resulting in severe phase separation. Evidence for this is 
found from the observation of the smooth surfaces of particles which are cleanly 
detached from the matrix. 
Pre-maturation of the silicate component in uncompatibilised Thermid-based 
hybrids intensifies a particle size distribution which is barely visible in the non-
matured samples (Figure 4.28). However, regardless of processing procedures, the 
morphology of the films from formulations without a coupling agent suggests that 
phase separation in these systems does not occur by spinodal decomposition but 
rather by nucleation and growth. As already mentioned for phase separation 
processes (see section 2.3.5), the operating mode of segregation is determined by 
the quench depth attained; which is in turn controlled by the rate of chemical cooling. 
Given the accelerating effect of the coupling agent concentration on the gelation rate 
in hybrids (Figure 4.14 ), it can be proposed that the absence of MPTMS creates 
conditions of very slow gelation and, also, chemical cooling. This tends to produce 
shallow quench depths which favour phase separation by the nucleation and growth 
(NG) mechanism [157]. The broad size distribution of particles obtained from the 
T/A(O) formulation is a well known signature of this mechanism. Spinodal 
decomposition differs from NG in that although a long coarsening process is inclined 
towards producing domains of large periodic size, if at all these domains become 
separated before freezing into a eo-continuous network, at least their size is likely to 
be monodisperse [155]. 
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5.1.4 Interpretations Related to the Fabrication of Composites 
The final revision of the lay-up procedure used for the fabrication of composites 
has been developed from more basic techniques with several shortcomings. For 
instance, the use of long exposures at elevated temperatures for drying (Methods I 
and Ia) was found to be counterproductive in that the advanced state of gelation 
reached by the prepregs prior to pressing and curing impaired the flow properties of 
the matrix, leading to high voidage which was exacerbated by the relatively low 
pressures applied. 
The increase in pressure during curing (Method II) to encourage interlaminar 
adhesion, or even during drying (Method Ila) to improve impregnation while the 
viscosity is low and the matrix still capable of flow, produces significant improvements 
in fibre distribution and voidage. However, the application of vacuum at room 
temperature for short periods of time (Method III) was determined to be a better and 
faster method of removing an appreciable amount of solvent while preserving the 
initial low level of gelation of the matrix. The escape of solvent (primarily during the 
hot pressing operation) and the distribution of fibres are believed to have been 
further enhanced by a reduction in the thickness of the prepreg to half of the original 
value. 
Despite the fact that hybrid matrices are forced to gel as open systems, where the 
rate of evaporation of volatiles is high and, therefore, the gelation rate is 
. 
autoaccelerating, the relative effects of formulation variables remain essentially the 
same as in closed systems. In fact, this is already evident from the gelling patterns of 
solutions matured as open systems (see Figure 4.6), but the effects of formulation 
are also experienced during the lay-up procedure, since spreadability and fibre 
impregnation are influenced greatly by it. For example, using method III, fast-gelling 
hybrid formulations such as S/A(G0.12) and S/A(G0.48) make poor quality matrices, 
whereas formulations that tend to gel more slowly, like S/C(G0.12) and the Thermid-
based mixtures are generally more processable, giving matrices of better quality in 
terms of fibre distribution and void size and distribution. This problem in inherently 
fast-gelling hybrid mixtures has been overcome by maintaining their temperature 
during lay-up below the ambient (method Ilia) in order to reduce the rate of gelation 
and the problems associated with it. Despite the fact that this process modification is 
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not vitally important to the slower-gelling mixtures, method Ilia has been widely 
adopted to ensure the same processing conditions for all the prepregs prior to 
vacuum drying and curing under pressure. 
As far as the preparation of hybrid mixtures making use of pre-matured 
alkoxysilane components is concerned, awareness of the variation of gel time as a 
function of the fractional volume in closed systems (and evaporation in general) is 
useful. In this way, provisions may be made to standardise the procedure of solution 
maturation, in order to have a fixed measure of the progress of gelation and to obtain 
reproducible results and inter-relationships among different formulations. However, it 
must be pointed out that the actual effect of fractional volume on gel time and its 
origins are not yet fully understood. 
5.2 POL YIMIDE PRECURSOR-COUPLING AGENT INTERACTIONS 
5.2.1 Polyamic Acid· GOTMS 
Evidence from infrared spectra indicates that the conversion of the polyamic acid 
or the oligoisoimide to polyimide is affected by the presence of coupling agent (see 
Table 4.3 and 4.4). Relative to the pristine precursor, the imide content of cured 
Skybond (estimated from normalised values of the 1375 cm·1 band after a full cure of 
the PAA at 300°C} increases slightly with a small addition of GOTMS, but drops 
significantly when the GOTMS content increases fourfold. The possibility of any of the 
samples being undercured is not contemplated because firstly, this is unlikely for thin 
structures treated at 300°C and secondly, care was taken to ensure good uniformity 
in the curing conditions. among the different samples. Rather, the imide content drop 
at high GOTMS contents should be attributed to chain scission which would tend to 
reduce the number of imide linkages in favour of amine or anhydride terminal groups. 
lt is noted, however, that the direct reaction of GOTMS with the acid group has not 
been supported by infrared spectra. 
Whilst the lack of sufficient evidence would make the proposal of a complete 
mechanism too speculative, the following has been taken into consideration: 
Assuming the proposed role of the epoxide group of GOTMS as a decomplexing 
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agent for PAA [166] is valid, then such activity would have two main consequences. 
Namely, an increased intramolecular reactivity resulting in enhanced cyclisation and 
a higher propensity for internal proton transfer, leading to depolymerisation of the 
PAA (see equation 2.11). Each of the two effects would be expected to be more 
predominant according to the amount of GOTMS added to the PAA. 
Evidence for the former effect was obtained by DTA (Figure 4.44) where 
decomplexation is diminished with higher concentrations of GOTMS and, together 
with the onset of imidisation, starts at lower temperatures. Evidence for PAA chain 
scission, albeit non-conclusive, can be inferred from the infrared spectra of the 
vacuum-dried binary samples (Figure 4.36(a)), where an increase in aromatic amine 
groups is noted with large amounts of GOTMS. The problem with PAAs being 
degraded to oligomers as a result of reverse reactions occurring during thermal 
treatment lies in their inability to recover their molecular weight [81]. This is because 
extensive recombination reactions at elevated temperatures between amine and 
anhydride groups are difficult, in view of the fact that amine groups are very 
susceptible to oxidation which destroys them before they re-engage in 
polymerisation. 
The TGA findings for the thermal stability of binary samples (see Figure 4.47) 
support the view that with the use of GOTMS there is an interplay between molecular 
weight degradation and increase in the imidisation level. Compared to the pristine 
polyimide control, both of the vacuum-dried binary samples contain a greater 
proportion of residual volatiles that can be released during the course of the 
temperature scan and, therefore, their weight loss would be expected to be higher. 
Although the excessive weight loss below 1ss•c for the binary sample containing a 
higher level of GOTMS can be explained in terms of moisture adsorption (for which 
the hygroscopic coupling agent is probably responsible), the relative weight losses of 
the samples in the region 3So•e-sso•c are more likely associated with the imide 
content of the samples. 
5.2.2 lsoimide oligomer- MPTMS 
The effect of MPTMS on Thermid is similar to the Skybond-GOTMS binary 
system, in that a degree of degradation is believed to occur as a result of the 
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interaction of the two components. The isoimide band at 1808 cm·1 disappears from 
the spectra of the binary samples and, even more importantly, this change does not 
result in a corresponding increase in the imide content, since even the imide band at 
1781 cm·1 (present in all the uncured dried samples due to premature isomerisation) 
is noticeably reduced (see Figure 4.41). Ring opening leading up to chain scission 
would be the primary cause for the elimination of isoimide and imide groups, and this 
hypothesis is substantiated by the monotonic decrease in the imide content of the 
300•C-cured films (see Table 4.4 and Figure 4.42). The role of the mercaptosilane in 
this scheme is not clear, because the potential formation of a thiolester of a general 
formula 
0 
11 
Ar-C-SR 
resulting from a reaction of the mercapto and isoimide groups at 80•c is not 
considered preclusive to cyclisation at higher temperatures. In any case, there is no 
conclusive evidence proving the existence of this group, as the C=O stretch band 
attributed to it and located at 1640-1680 cm·1 coincides with the C=O stretch of the 
biaryl carbonyl at 1680 cm·1 which features in all three samples (Figure 4.42(b)). 
A better idea regarding the role of the coupling agent is formed with the finding 
that the exotherm in DTA thermograms (normally associated with acetylene 
polyaddition, on which Thermid depends heavily for crosslinking) is reduced with 
increase in MPTMS concentration. This result frts well the prediction that 
compatibilisation with the silicate network is achieved through a sufficiently fast 
connection of silicate to the oligomer by grafting of the mercaptosilane via the H-S 
group onto the acetylene endcaps. 
Unfortunately, this also means that the crosslinking density of the fully cured 
polyimide containing MPTMS is lower relative to the polymer from the pristine 
precursor. The situation of Thermid-based binary samples can be considered 
analogous to the molecular weight degradation postulated for the Skybond-based 
systems and, hence, the similarity in thermogravimetric behaviour between the two 
types of system is one to be expected (Figure 4.48). The main difference is that both 
Thermid binary samples show higher weight losses than the control, but this is 
explainable by the fact that being already cyclised, imidisation in Thermid does not 
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benefit from an enhanced decomplexation of the polar solvent at low temperatures in 
the way that it does in Skybond by the action of the coupling agent. So, as far as 
molecular integrity is concerned, the presence of the mercapto coupling agent can 
only have a negative impact. 
5.3 EVALUATION OF POL YIMIDE AND POL YIMIDE-SILICA MATRIX 
PROPERTIES 
5.3.1 Thermoxidative Stability 
To avoid complications associated with carbon fibre weight losses at elevated 
temperatures, the study of thermoxidative stability of the different hybrid formulations 
was carried out on matrix materials in isolation i.e., in the form of films. The finding 
that resistance to pyrolysis increases with silica content (Figure 4.49) is not 
surprising, given that apart from a dilution effect of simple replacement of a less 
thermally stable material with a more stable one, silica may also provide some form 
of "thermal shielding" to the surrounding Skybond polyimide, as suggested by Mascia 
and Zhang [171]. 
The effect of the amount of coupling agent present in the hybrid correlates well 
with the results obtained from binary mixtures tested under a nitrogen atmosphere. 
Effectively, in the case of Skybond-based hybrids (Figure 4.50 and 4.51), a low level 
of GOTMS produces a marked improvement, not only with respect to the pristine 
polyimide but, crucially, compared to the uncompatibilised hybrid. (An exception to 
this finding is the mixed polyimide (S2P1)/A(G0.12) sample, whose behaviour is 
principally influenced by the nature of the organic phase). The opposite holds for the 
sample with a high amount of GOTMS, but it is important to point out that the 
excessive weight losses do not stem from evolution of volatiles originating from the 
coupling agent, since all the samples were equilibrated (or fully devolatilised) at 
40o•c prior to the weight loss measurements. In the case of Thermid-based hybrids 
(Figure 4.52), the sample with the high level of MPTMS displays higher weight losses 
near the maximum test temperature, as expected, due to a reduction in crosslinking 
density coupled with chain scission. Although this would also apply to the hybrid 
T/A(M0.16) in which the coupling agent level is lower, the deterioration in molecular 
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integrity may well be small enough to be offset by the mere presence of silica (which 
is found to be of benefrt to the nominal stability of the polyimide, as for the 
uncompatibilised sample T/A(O)), enabling it show higher stability than the polyimide 
control. 
In general, direct comparison of data from equivalent formulations indicates that 
the thermoxidative stability of Thermid-based hybrids is superior to that of Skybond-
based hybrids in the temperature range 400-70o•c (see Table 4.6). However, this is 
also true at more moderate temperatures, as determined for samples with a high 
level of coupling agent which were not devolatilised at 40o•c. During thermal 
treatment at 300°C, the main weight losses -especially in Skybond-based hybrids-
occur as a result of the loss of volatiles relating to the presence of the coupling agent 
(see Figure 4.53). This is an issue of concern when considering the use of hybrids in 
composite applications, because the degree of voidage during post-curing is bound 
to increase with the matrices' tendency to expel volatiles. 
5.3.2 Mechanical Properties 
a. Dynamic mechanical properties 
The introduction of silicate phase in the Skybond polyimide matrix is beneficial 
mainly from the point of view of the restrictions it imposes on the molecular motions 
of the soft polymeric chains [120]. This is evident from the lower tan o response at Tg 
of the samples with higher TEOS content (see Figure 4.63). The effect is reversed, 
(i.e., the tan o is seen to increase and the Tg decrease slightly) under conditions 
which promote a lower level of miscibility between the polyimide and the inorganic 
network, such as pre-maturation of the latter (Figure 4.66). A positive side-effect of 
the presence of silica in the Skybond polyimide matrix is that it facilitates the 
evolution of the solvent, as revealed by the disappearance of the tan o shoulder in 
the polyimide which is believed to be associated with residual solvent that persists 
through the high temperature curing process (Figure 4.63 and 4.64). 
Increasing the level of GOTMS in Skybond-based matrices gives a conflicting 
view of the final effect, since the drop in modulus is not accompanied by a 
corresponding increase in tan oat the glass transition, as would be logically expected 
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(see Figure 4.64). A tentative explanation of this phenomenon would be that, in this 
case, the balance between polyimide incorporation within the silicate network (as a 
result of better compatibilisation) and polyimide degradation is in favour of the former. 
On the other hand, a more straightforward result is obtained with Thermid-based 
systems where, together with the deteriorating dynamic properties, a concomitant 
drop in Tg frts the hypothesis of polyimide degradation (see Figure 4.65). Also, the 
postulated increase in crosslinking density as a result of post-curing in Thermid-
based composites (Figure 4.62) is in good agreement with the finding that the Tg and 
the tan o response of the high-MPTMS hybrid composite are restored to values 
similar to those of the pure polyimide control after heavy post-curing treatment (see 
Figure 4.68). 
Due to the comparative nature of the DMTA study, and the fact that only the 
transverse dynamic properties of the composites were considered, there can be a 
good degree of confidence that those properties reflect the nature of the different 
matrix formulations and that these are not severely perturbed· by the presence of 
fibres. However, many workers have advocated the presence of an interphase which 
arises from the interaction of the matrix with organosilanes, fibre sizings and the 
active surface of fibres [186-189], and various findings show that this layer lying 
between the matrix and the fibres has properties (Tg included) which are distinct from 
either component. Because the relative influence by the matrix and fibres on the 
mechanical properties of the composite varies with fibre orientation, it follows that 
under conditions where the influence of the fibres is highest, any viscoelastic 
response to stress and strain will originate from the interphase region. Therefore the 
degree to which this layer is manifested depends on the volume fraction and the 
orientation of the fibres [169,186]. The existence of a homogeneous interphase with 
a Tg which is lower than the matrix in Skybond-based composites is confirmed for 
sample S/A(G0.12) (see Figure 4.69) but, in general, it is not believed to affect the 
comparative dynamic mechanical data to the extent that they are not valid. 
b. Static mechanical properties 
lntertaminar shear strength data suggests that the interfacial properties of the 
hybrid-based composites are strongly dependent on the effect of the coupling agent. 
For instance, the Skybond-based matrix compatibilised with a borderline 
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concentration of GOTMS (GOTMS:TEOS = 0.036) shows a drop in ILSS relative to 
the pristine polyimide-matrix control, possibly due to a decrease in adhesion, owing 
to the presence ofthe silicate network (see Figure 4.70). 
At higher contents (GOTMS:TEOS = 0.12), adhesion is restored close to the initial 
level by the coupling function of GOTMS. Indeed this must be true for the highest 
content of GOTMS (GOTMS:TEOS = 0.48) also, although the net result would be 
subject to the balance that exists between the interfacial bonding and any molecular 
weight degradation in the polyimide which is attributed to the coupling agent. Even 
with the best balanced system (S/A(G0.12)), however, the dilution of polyamic acid 
by silicate must be compensated for by a sufficient amount of bonds and, therefore, 
the concentration of not only the coupling agent but also of the overall compatibilised 
silicate is important (see Figure 4.71). In fact, judging by the poor performance of the 
hybrid S/C(G0.12), where DMF was used as solvent in the alkoxysilane precursor 
solution, the molecular configuration (i.e., the degree of branching) of the silicate 
must be of significance, though little can be said in this regard as exact details about 
the polymeric character of silicates derived from DMF-containing systems have not 
been obtained. 
In the case of Thermid-based composites, since the presence of silicate in the 
matrix or an increasing MPTMS content have little effect on ILSS (Figure 4.72), this 
implies that the balance between the interfacial bonding and molecular degradation is 
such that it allows the system to retain its interfacial strength. 
The ILSS in thermally aged systems is invariably reduced relative to the initial 
unaged value. Notably, the greatest relative losses are incurred by the hybrid 
matrices with the highest coupling agent content (see Figures 4.73-4.75). 
Considering earlier TGA data showing the weight losses suffered by this type of 
hybrids during extended thermal treatment, it is easy to envisage the samples in 
question developing very high porosity. Under these circumstances, stress 
concentrations at the interface and fibre oxidation (accelerated by the enhanced 
diffusion of atmospheric gases and moisture through voids, especially the ones in 
contact with fibres [190)) contribute to degradation and facilitate interfacial failure. 
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The ILSS of the composite with a matrix based on the mixed polyimide hybrid, 
(S2P1)/A(G0.12), also shows an appreciable drop to lower strength values. More 
importantly, however, the unaged ILSS of this composite is by far the lowest of all the 
composites tested, and this is probably due to the involvement of the higher 
molecular weight PAA precursor (Pyralin) in the matrix and its effect on the strength 
properties of the interfacial region and indeed the entire hybrid matrix. The origins of 
this effect have not been studied in any depth, but the effect is likely linked to the 
lower high-temperature stability displayed in the TGA data of Figure 4.51. Although 
polyimide precipitation is not considered to be a potential cause for the inferior 
thermoxidative and mechanical properties observed for this matrix formulation (since 
structural homogeneity and transparency are preserved), a low degree of imidisation, 
(for instance, due to impaired mobility arising from the high molecular weight of the 
Pyralin portion) persisting up to and beyond vitrification, is not to be discounted. 
Hydrothermal ageing, like thermal ageing, also decreases the ILSS of composites. 
The absorption of water is usually responsible for two effects: Firstly, the 
plasticisation of the matrix which leads to a decrease in T, and E', as described for 
DGEBA epoxy-glass fibre systems by Chateauminois and eo-workers [191], which is 
reversible after re-drying, and secondly, irreversible damage brought about by 
interfacial degradation and cracking as a result of the ingress of water. In relation to 
the latter effect, the non-Fickian behaviour observed by Burcham et al. in 
thermoplastic polyimide (Avimid K3B)-graphite laminate composites hydrothermally 
aged at aooc [192] was attributed to the increase in the number of diffusion pathways 
for water, created by a postulated damage mechanism. Hence, despite the T, 
recovering its original value after slow re-drying at 125°C, G1c, the intralaminar 
fracture toughness, suffered a permanent drop of approximately 30%. 
Generally, the interlaminar properties of composites are also susceptible to 
degradative attack by water. For example, this is a frequently encountered problem 
in glass fibre-reinforced systems where the fibres have been treated with an 
organofunctional coupling agent [193]. Hydrolysis of the interface in films of silane on 
a fibre substrate (where the diffusion of water occurs several hundred times faster 
than along the transverse direction of the matrix) has been found to affect weak 
bonds preferentially, so that subsequently produced hydrolysis products act as a 
driving force for water penetration. The osmotic pressure that builds up at the 
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interface puts neighbouring bonds under abnormal strains, making them more 
vulnerable to further attack. Therefore, it is not surprising that the ILSS of the re-dried 
specimens does not increase to the original (unaged) values but instead remains 
roughly the same as the wet specimens, which display approximately similar inter-
relationships to the dry/unaged samples (see Figure 4.77(a)). 
The flexural strength and modulus of the Skybond-based composites decrease 
steadily with increasing the amount of GOTMS, from near or within the range of 
values of the pristine polyimide control at low GOTMS concentrations to 
approximately half of the mean values of the control at GOTMS:TEOS = 0.48 (see 
Figure 4.80). The degradative mechanism which is part of the cause for the 
fluctuations in the ILSS, as discussed above, would also account for the trend 
observed in flexural properties. The difference between ILSS and flexural strength, 
however, is that the flexural test does not take account of the state of the interphase 
to any significant degree, and so the benefrt from an improved interfacial bonding at 
higher GOTMS contents does not affect the flexural strength value. Therefore, the 
enhancement provided by the silicate network as a reinforcing phase is believed to 
be counterbalanced by the postulated deterioration in the polyimide matrix. Indeed 
the silicate content of the matrix (see Figure 4.81) is significant too in that, at low 
contents, the flexural strength is reduced, subsequently increasing past a minimum 
situated between 0.2 and 0.5 of the TEOS:PAA weight ratio. This dependence on the 
amount of silicate present is possibly a consequence of silicate in small amounts 
acting as discontinuities in the polyimide matrix, decreasing rather than increasing its 
yield point. 
The maturation of the alkoxysilane component in S/A(G0.12)[0.8] (Figure 4.80) 
results in a reduction in both its flexural properties and its ILSS with respect to the 
non-matured S/A(G0.12) sample, because of a reduction in compatibility between the 
organic phase and the silicate network, as suggested earlier in section 4.1 0.1 for the 
observed drop in E' and Tg. The flexural strength and modulus values of S/C(G0.12) 
and (S2P1)/A(G0.12) (Figure 4.81) are also lower relative to S/A(G0.12), maintaining 
the same trend as that for the ILSS (see Table 4.9). Therefore, the same comments 
as those made earlier (namely, about the effect of the silicate structure and the effect 
of PAA molecular weight on the final polyimide's extent of imidisation, respectively) 
apply. 
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For the Thermid-based composites (see Figure 4.82), a decrease is noted in 
flexural strength with increasing MPTMS content showing that, similarly to the 
Skybond-based samples, the coupling agent has a detrimental effect on the bulk 
structure of the polyimide. However, the proportional decrease in the flexural 
modulus (based on mean values) is not very significant, probably because the 
hypothesised reduction in the crosslinking density of Thermid is compensated to a 
certain degree by a stiffening effect induced by better incorporation of the silicate 
within the polyimide matrix. 
5.3.3 Thermomechanical Properties 
The thermomechanical behaviour of thick mouldings of the pure polyimides and 
their hybrids is characterised by peaks at well defined temperatures, indicating the 
evaporation of volatiles (adsorbed moisture and residual solvent) from the bulk 
matrix. The intensity of the peaks, which are produced by two competitive effects 
(i.e., thermal expansion and contraction induced by evaporation), is reduced with 
successive TMA runs, as the matrix becomes progressively drier (see Figure 4.84). 
Notably, the normal curing procedure employed for both the thick mouldings and the 
corresponding composite specimens leaves the latter in a drier state (for instance, 
compare the CTE curves of S and S/A(G0.12) from Figures 4.83 and 4.86(a)), 
confirming the validity of the TGA and DTA analyses carried out on films (which are 
likely to have closely similar drying characteristics to the composite matrices). 
The difference in the amount of residual solvent contained in the Skybond and 
Thermid matrices is evident from Figure 4.83, where the peak appearing at 165°C 
and believed to be due to NMP is largely absent from both the pristine Thermid 
polyimide sample and the hybrid (T/B(M0.16)). This finding, suggesting the easier 
elimination of high boiling solvent from Thermid, is also reflected in the results from 
DTA for the partially imidised PAA films (see Figures 4.43 and 4.45). 
The Skybond-based hybrid, whose CTE profile is more similar to that of the cycled 
polyimide (Figure 4.84) than that of the as-cured polyimide (Figure 4.83), reveals that 
the silicate phase provides a route of escape for the organic solvent, possibly 
through the nanoporosity within the continuous inorganic phase or simply as a result 
of the decomplexation of the high boiling solvent by GOTMS. This conclusion has 
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also been reached from the DMTA data for the two composites (see Figures 4.63 
and 4.64, for example). 
The CTE decreases with a higher TEOS:PAA weight ratio in a synergistic fashion, 
because not only does it respond to temperature according to the rule of mixtures, 
given that the expansivity of the inorganic glass is considerably lower than of the 
polyimide, but also because of the role of the silicate phase network as a constraint 
to the molecular motions of the polyimide chains. Factors such as the continuity of 
the silicate phase (note the CTE curve for S/A(G0.12)*0.2 in Figure 4.86(b)) as well 
as its structure (note the curves for S/C(G0.12) and the pre-maturation in 
S/A(G0.12)[0.8] in Figure 4.87) are also important. 
The lower crosslinking density of the polyimide in Thermid hybrids, as for other 
properties, compromises the potential enhancement (i.e., decrease) in CTE possible 
by the presence of the silicate network (see Figure 4.88). This leaves the hybrid-
matrix composite with similar CTE behaviour as the pristine polyimide matrix 
composite. 
CHAPTERS 
CONCLUSIONS AND RECOMMENDATIONS FOR 
FURTHER STUDY 
6.1 CONCLUSIONS 
The conclusions drawn in relation to the main aspects of the work reported in this 
study are listed below: 
1. The rate of gelation in alkoxysilane solutions containing DMF as solvent is higher 
than those containing EtOH. The reason can be attributed to the dipolar aprotic 
character of DMF, which is known to speed up the co.ndensation reaction 
occurring by a nucleophilic bimolecular mechanism. 
2. The rate of evaporation of the solvent and catalyst during the maturation of 
solutions at 60°C can be significant and will have an affect on the rate of gelation. 
The greatest effect observed is with respect to the nature of the acid catalyst. 
The decreased number of W ions, for the case of lower-boiling acids in solution, 
create conditions which increase the rate of condensation and, ultimately, the 
rate of gelation. 
3. The manner in which gelation is affected by the nature of the organofunctional 
groups in the trialkoxysilane coupling agent used for the compatibilisation of the 
organic and inorganic phases of hybrid materials, depends on how these 
functional groups change the overall pH . of the alkoxysilane solution and on 
whether these groups participate in the condensation reactions, as in the case of 
the epoxy functionality of r-glycidyloxypropyltrimethoxysilane. Excess amounts of 
the coupling agent can lead to a prolonged gelation, due to a dilution effect and 
also to the depletion of water, which is necessary for the initial hydrolysis stage of 
the sol-to-gel process. 
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4. At a low solids content, polyamic acid in NMP solutions can interact with the sol-
gel components of the hybrid mixture, resulting in a decrease in gel time relative 
to the corresponding alkoxysilane solution by itself. The reverse is true at very 
high PAA contents, where a dilution effect predominates. The interaction 
between both the polyamic acid and the oligoisoimide precursors and the silicate 
is enhanced by the presence of the coupling agent at relatively low 
concentrations. 
5. The morphological structure of compatibilised hybrids consists of silica domains 
dispersed within the polyimide matrix in the form of continuous heterophase 
networks, fine enough to allow the systems to be optically transparent and 
macroscopically featureless. As can be inferred from electron microscopy 
examinations, the length of pre-maturation of the alkoxysilane component 
controls the coarsening of phases in the PM-based hybrids, but has little effect 
on the systems based on the oligoisoimide. Responsible for this difference are 
the level of interactions and the related effectiveness of the coupling agents with 
the respective polyimide precursors, as indeed can be demonstrated for the 
oligoisoimide, where the structure of the phase-separated, uncompatibilised 
silicate does show a substantial sensitivity to pre-maturation. Below the threshold 
concentration of the coupling agent for compatibilisation, phase separation 
occurs, making the hybrid systems optically opaque. 
6. Both the epoxy and mercapto coupling agents can cause a certain degree of 
molecular weight degradation in the polyimide precursors, to the extent that at 
high concentrations the damage is often sufficient to offset the advantages of the 
presence of a well-compatibilised silicate phase. For the oligoisoimide system, 
there is also evidence of a reduction in the crosslinking density as a result of the 
acetylene end groups reacting with the mercapto functionality of the coupling 
agent. 
7. Compatibilised hybrids based on the polyamic acid and the oligoisoimide can be 
used as matrices for carbon fibre composites. The processability of the matrix 
solutions can be enhanced by increasing the gel time through various 
expedients. The prepregs can be prevented from reaching gelation prior to 
curing by applying vacuum during drying and restricting this treatment to short 
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periods. Nevertheless, with the pressure/cure schedule used in this study, the 
composites suffer from high voidage and resin starvation. 
8. Extensive post-curing brings about additional crosslinking reactions, resulting in 
an increased T,. At the same time, it causes a general drop in the modulus of the 
composites, which is suspected to be due to an increase in voidage formed 
through the evaporation of volatiles. 
9. The silicate phase network in hybrids provides an effective escape mechanism 
for volatiles such as water and residual solvent. 
10. The mechanical properties of composites are affected to a large extent by the 
concentration of the coupling agent used in the matrix. The flexural strength and 
modulus decrease, whilst, specifically in the case of polyamic acid-based hybrid 
matrices, the interlaminar shear strength goes through a maximum at an 
optimum coupling agent concentration. The discrepancy existing between bulk 
and interphase properties is likely due to an interplay between the degradation 
suffered by the polyimide and the enhanced interfacial bonding achieved by 
higher amounts of the coupling agent. 
11. Higher silicate contents result in restricted polyimide chain movement, which 
benefit the mechanical and thermomechanical performance of the matrix. At low 
silicate contents, a deterioration in properties is generally observed, possibly 
linked to the continuity of the silicate network, which is itself dependent on the 
overall concentration of the inorganic phase. Structural heterogeneity, caused by 
the pre-maturation of the sol-gel component, has similar effects. 
6.2 RECOMMENDATIONS FOR FURTHER STUDY 
For a more thorough understanding of the systems studied here, it is suggested 
that the present work be supplemented by further investigation. Below are a number 
of recommendations: 
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1. To understand better the structural development of different alkoxysilane 
solutions during maturation, detailed experiments have to be set up, where the 
storage and loss shear moduli can be continuously measured as functions of 
frequency, w. For the experiments to succeed, the influence of evaporation on 
the gelling behaviour of the liquid samples must be eliminated and, therefore, the 
equipment most likely to fulfil this requirement is a sealed .coaxial cylinder 
dynamic viscometer. 
2. Even though the origins of the effect of "fractional volume" (i.e., the fraction of 
volume occupied by a gelling solution to the overall volume of the closed reaction 
vessel) are not understood, the phenomenon itself is unequivocally observed in 
simple gelation experiments. As a first step, in order to establish full control over 
the gelation process, ternary diagrams must be constructed, where, apart from 
the gel time and the varied concentration parameter, fractional volume is 
included as the third axis. 
3. A way to maximise the mechanical properties of the polyimide component would 
be to increase its degree of imidisation during the curing process. Therefore, a 
systematic investigation of staged heating schedules for the prepregs, including 
a single-stage cure, should be considered. 
4. The processability of matrices during lay-up would. benefit from the use of rapid 
techniques. Such could be the fabrication of prepregs by stacking tape produced 
from continuous fibres impregnated with matrix solution on a drum of 
appropriately large dimensions. A further advantage of this technique would be 
the relatively high compaction of fibres with less air gaps than in the present 
prepregs during drying. 
5. lt is proposed that the application of vacuum during curing would help reduce the 
amount of residual solvent and voidage in composites, eliminating the need for 
very high pressures. As a consequence, the fibre content values would be 
decreased and better controlled. To achieve this, the use of vacuum bag-type 
tooling (such as the kind used in autoclaves) is necessary. This equipment would 
also allow the use of alternative atmospheres during post-curing, such as N2, 
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reducing the possibility of thermoxidative reactions within the organic phase and 
on the surface of carbon fibres. 
6. Given the combination of two conflicting effects of post-curing, i.e. a desirable 
structural effect, which leads to a higher Tg, and an undesirable effect, which is 
thought to lead to an increase in the amount of voids in the matrix, further 
exploration of the process is recommended. This could take the form of a 
systematic investigation of the effect of different post-curing periods, 
temperatures, pressures and atmospheres. 
7. With the problem of high porosity resolved, composites could be characterised 
according to fracture mechanics principles, to determine parameters such as Gc 
(critical strain energy release rate) and Kc (critical stress intensity factor). The 
study should be accompanied by an electron microscopy investigation of the 
fracture surfaces to verify the differences among different formulations, 
especially with respect to the formulated silica content, post-curing and ageing 
treatments. 
8. The development of model composites, typically thin, with closely controlled fibre 
and void contents and using a variety of types of carbon fibre and fibre surface 
treatments, is recommended to study and optimise the interphase region. The 
study could be conducted with the use of thermal analysis techniques such as 
DTA and DMTA. Efforts must also be made to overcome the problem of 
brittleness, in order to obtain free standing matrix samples that can be used with 
DMTA to establish the behaviour of matrices in isolation. 
9. There is a need to obtain information on the structural parameters of the 
dispersed silicate phase in hybrids as films, bulk matrices and interphase. 
Suitable techniques would include Small Angle X-ray Scattering (SAXS), 
although more direct methods like TEM would also be helpful. With reference to 
the latter, a variant known as Parallel Energy Selective TEM (PEELS), which is 
able to produce higher resolution and contrast images than the mainstream 
technique, is expected to yield improved results. 
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